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^ '■ ABSTRACT 

We present the results of a study of stellar population properties at large galacto- 

Q , centric radii of 14 low-mass early- type galaxies in the Fornax and Virgo clusters. We 

5-H ■ derive radial profiles of Age, total metallicity [Z/H], and [a/Fe] abundance ratios out 

lyj I to ^ 1 — 3 effective radii by using nearly all of the Lick/IDS absorption-line indices in 

. comparison to recent single stellar population models. We extend our study to higher 

galaxy mass via a novel literature compilation of 37 early-type galaxies, which provides 

\ stellar population properties out to one effective radius. We find that metallicity gradi- 

^ I ents correlate with galactic mass, and the relationship shows a sharp change in slope at 

QQ ' a dynamical mass of ~ 3.5 x 10^° M©. The central and mean values of the stellar pop- 

^\ , ulation parameters (measured in r ^ fe/S>, and at r = rg, respectively) define positive 

' mass trends. We suggest that the low metallicities, almost solar [a/Fe] ratios and the 

' tight mass-metallicity gradient relation displayed by the low-mass galaxies are indica- 

, tive of an early star- forming collapse with extended (i.e., ^ 1 Gyr), low efficiency star 

' formation, and mass-dependent galactic outflows of metal-enriched gas. The flattening 

I of metallicity gradients in high-mass galaxies, and the broad scatter of the relation- 

T-H . ship are attributed to merger events. The high metallicities and supersolar abundances 

^ ' shown by these galaxies imply a rapid, high efficiency star formation. The observed 

, [Z/H]-mass and [Q;/Fe]-mass relationships can be interpreted as a natural outcome 

■ of an early star-forming collapse. However, we find that hierarchical galaxy formation 
$-H ' models implementing mass-dependent star formation efficiency, varying IMF, energy 

, feedback via AGN, and the effects due to merger-induced starbursts can also reproduce 

both our observed relationships. 
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1 INTRODUCTION 

The spatial distribution of stellar population properties in 
early-type galaxies are the chemodynamical fossil imprints 
of galaxy formation and evolution mechanisms. The effi- 
ciency of different physical processes is expected to vary with 
radius leaving measurable changes at different galactocentric 
radii. Thereby, providing unique constraints on the galaxy 
formation mechanisms predicted by competing scenarios. 
In the past years an increasing number of observational 
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studies have focused their effort in pr obing stellar popula- 
tions beyond the galac t ic co res (e.g.. iMehlert et all [2OO3I : 



ISanchez-Blazguez et all l2007l : lAnnibali et all 1200'^ How 
ever, these previous studies lack to consider low-mass, low- 
luminosity galaxies because the intrinsic low surface bright- 
ness of these objects makes the measurement of their proper- 
ties at large galactocentric radii observationally challenging. 
The aim of this paper is to provide a clear picture of the stel- 
lar population properties at large radii, and their relation- 
ship to galaxy structural parameters over a comprehensive 
galaxy mass range. 

I n the classical models of monolithic collapse ([Larsonl 

1 1974 lLarsonlll975l : ICarlberdflQsi : lArimoto fc Yoshiilll987l : 
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IPipino fc Matteuccill200^ 'l. early-type galaxies form during 
dissipational infall of cooling gas. Massive galaxies are pre- 
dicted to form in a short and intense burst of star forma- 
tion, whereas dwarf galaxies experience more extended and 
intermittent star formation (|Matteuccilli993 : lThomas|[l999l : 
[Ch lOSl fc Garrard [200^ ). The gas flowing to the centre of 
the galaxy is chemically enriched by evolving stars, and con- 
tributes as metal-rich fuel for star formation. Thus, a neg- 
ative radial metallicity gradient is established. Metallicity- 
dependent gas cooling and a time-delay in the occurrence of 
galactic winds (i.e., onsets that vary with the local escape 
velocit y) can cooperate in steepening any meta llicity gra- 
dients (iMartineUi et al.lll998l : iPipino et al.ll2008l '). A strong 
correlatio n between metallicity gradient and galaxy mass i s 
expected (|Chiosi fc Carrardl2002l : iKawata fc Gibsonll2003l ). 
[a/Fe] abundance gradients are suggested to be a conse- 
quence of interplay between loc al differences in the star for- 
mation timescale a nd gas flows (|Angeletti fc Giannone|[2003l : 
iPipino et al1l2008l ). 

I n the hierarchical merging scenario (e.g.. Cole et al] 

1 1994 iKauffmann fc GharloJll998l : lOe Lucia et al. 

I l2004 ). 



early-type galaxies form by merging events. The properties 
of merger remnants are related to the progenitors' mass ra- 
tio, a mount of gas content and the geometry of the col- 
lision l|Mihos fc Hernguistl [l993 : iNaab et al.M2006l '). Merg- 
ers are expecte d to flatten any ambient gradients (e.g., 
lKobavasliill2004l ). Gentral bursts of star formation induced 
by the merger can partially regener ate the metallicity gr adi- 
ents and create age gradients (e.g.. [Hopkins et al. I I2OO9I ). A 
weak re lation between m ass and metallicity gradients is ex- 
pected (|Koba vashi 2004). Positive or negative [a/Fe] gradi- 
ents can form depending on the chemical enr ichment of the 
pristine gas and the duration of the burst (jThomas et al.l 
Il999al : pTh omas fc Kauffmaiml Il999bh . Recent models in- 
clude energy feedback due to active galactic nuclei (AGN) to 
stop the star formation in massive galaxies , thus producing 



a mass-dependent star formation history JPi Matteo et al 
20051: ISpringel et al]|2005l : iGroton et al.ll2006l : lHopkins et al 



2009 ) 



Here w e further consolidate the findings of 
ISpolaor et all l|2009bD (hereafter Paper I) on kinematic 
and photometric properties at large galactocentric radii 
of 14 low-mass early-type galaxies in the Virgo and 
Fornax clusters. We study the spatial distribution of 
luminosity— weighted Age, total metallicity [Z/H] and a- 
element abundance ratio [a/Fe] of out to ~ 1 — 3re by using 
nearly all of the Lick/IDS indices. The comparison of these 
line-strength indices with single stellar population models 
(SSPs) is found to be successful (e.g., FiVager et al] l200d : 
iProctor fc SansomI I2OO2I : iThomas et all |2005|) in breakiii g 
the well known age/metallicity degeneracy " ifWorthevll 19*93 ). 
We extended our study to a broad galactic mass range, 
introducing a novel literature compilation of stellar popula- 
tion properties out to one effective radius for a sample of 37 
early-type galaxies of higher mass. We compare properties 
measured at different galactocentric radii encompassing 
different percentages of the total stellar mass. The im- 
plications for mass scaling relations are considered. By 
comparing our results to model predictions we constrain the 
mechanisms for the formation and evolution of early-type 
galaxies. 

This paper is organised as follows. In Section 2, we de- 



scribe the data sample. In Section 3, we describe our spec- 
troscopic observations and data reduction. In Section 4, we 
present the stellar population analysis. In Section 5, we in- 
troduce the radial profiles for the 14 low-mass galaxies. In 
Section 6, we describe the stellar population properties of 
the entire galaxy sample. In Section 7, we discuss our re- 
sults in the context of predictions from competing galaxy 
formation scenarios. Section 8 presents a summary of our 
findings. 



2 THE DATA SAMPLE 
2.1 Low- mass galaxies 

Our sample consists of 14 low-mass early-type galaxies in the 
Virgo and Fornax clusters. The six galax ies in the Fornax 
cluster are chosen from the catalogue of iFergusod (|l989l ). 
while the eight galaxies in the Virgo cluster are from the cat- 
alogue o f iBinggeh et"ai] (| 19851 ). Galaxies of low-mass are se- 
lected on the basis on their central stellar velocity dispersion 
(Jo and the absolute B-band total magnitude Mb, both of 
which are known to be independent proxies of galaxy mass. 
The sample uniformly covers the range 1.6 < log(ao) < 2.15 
and —16.5 > Mb > —19.5. This translates to a dynamical 
mass range of about 10^ < Mdyn/M© < lO'^^, using the re- 
lation log(Mdyn) ~ 21og(a -o) -I- log(re) -|- 5.0 whe re re is the 
effective radius in parsecs (|Cappellari et al] |2006') . The main 
properties of the galaxy sample are summarised in Table [1] 



2.2 High- mass galaxies 

We extend our study to higher galaxy mass by using data 
for 37 early-type galaxies compiled from the literature. The 
properties of these galaxies and the specific studies they have 
been drawn from are given in Table [Kl\ 

We stress that the observing and data reduction proce- 
dures used in these literature studies closely resemble those 
used in this work. The final sample of 51 early-type galax- 
ies is uniquely uniform due to the use of nearly all of the 
Lick/IDS indices and the steps taken in the stellar popula- 
tion analysis. Specifically, the same minimization tech- 
nique and single stellar population models have been used 
to convert Lick/IDS indices to stellar population parameters 
(see Sec. 4 for more details). The data sample comprehen- 
sively covers the range 1.6 < log((To) < 2.6 and —16.5 > 
Mb > -23.5, corresponding to 2.5 x 10^ < Mdyn/M© < 
4 X 10". 

For completeness, we briefly describe the s i x stud ies 
from which these data are obtained. ISpolaor et al] (|2008al lbh 
studied the star formation and chemical evolutionary his- 
tory of the t wo brightes t galax ies of the NGC 1407 group. 
S anchez-Blazquez et al.l ([2003) used Keck LRIS long-slit 
spectra to study a sample of 11 early- type g alaxies cover- 
ing a wide range in mass and environment. iBrough et al.l 
((2003) focused on the stellar population and kinematic prop- 
erties of three nearby brightest group galaxies and three 
bright est cluster galaxies located at z ~ 0.055. iReda et al.l 
l|2007h analysed the metallicity gradients of 12 isola t ed lu - 
minous early- type galaxies. The sample of iProctorl (|2003l ) 
consists of 11 early- type galaxies located in the Leo cloud 
and the Virgo cluster. We note that flve of the 11 galaxies of 
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Galaxy 


Alternative 


Hubble 




P.A. 




RV 


Distance 


Mb 


Mdyn 




Name 


Type 


[arcscc] 


[degree] 


[km s-i] 


[km s^-"-] 


[Mpc] 


[mag] 


[109 Mq] 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 



FCC 148 


NGC 1375 


SO 


14.9 


89 


FCC 153 


IC 1963 


SO 


12.4 


81 


FCC 170 


NGC 1381 


SO 


13.7 


139 


FCC 277 


NGC 1428 


E/SO 


9.8 


123 


FCC 301 


ESC 358-G059 


E/SO 


10.4 


156 


FCC 335 


ESQ 359-G002 


E/SO 


15.6 


47 


VCC 575 


NGC 4318 


E4 


7.2 


65 


VCC 828 


NGC 4387 


E5 


9.1 


137 


VCC 1025 


NGC 4434 


EO/SO 


12.9 


134 


VCC 1146 


NGC 4458 


El 


26.1 


175 


VCC 1178 


NGC 4464 


E3 


6.6 


14 


VCC 1297 


NGC 4486B 


El 


2.3 


110 


VCC 1475 


NGC 4515 


E2 


9.4 


15 


VCC 1630 


NGC 4551 


E2 


12.5 


67 



68.9(2.2) 


769.2(5.4) 


18 


45 


-17 


30 


7.9 


47.8(2.6) 


1635.1(5.6) 


18 


45 


-17 


10 


3.1 


152.9(2.6) 


1749.6(5.9) 


18 


45 


-18 


88 


34.6 


93.5(2.6) 


1638.3(5.1) 


18 


45 


-17 


52 


9.5 


58.9(2.6) 


1040.0(5.3) 


18 


45 


-17 


02 


3.9 


44.3(2.2) 


1430.8(5.4) 


18 


45 


-16 


93 


3.5 


88.6(2.6) 


1230.1(5.4) 


22 


08 


-17 


61 


7.2 


105.1(2.6) 


589.1(5.3) 


17 


94 


-18 


26 


10.7 


135.0(2.6) 


1070.5(5.1) 


22 


39 


-18 


72 


31.6 


102.1(2.6) 


677.3(5.7) 


16 


37 


-18 


13 


26.9 


108.1(2.6) 


1266.2(5.2) 


15 


84 


-17 


63 


7.2 


273.8(2.6) 


1570.1(5.3) 


16 


29 


-16 


77 


16.2 


91.4(2.6) 


951.0(5.8) 


16 


59 


-17 


84 


7.7 


110.4(2.6) 


1181.5(5.4) 


16 


14 


-18 


06 


1.0 



Table 1. Galaxy properties. Col.(l): galaxy name from the catalogue of iFergusonI lll989l ) and iBinggeli at al.l lll985l ): (2); alternative 
galaxy name; (3): morphological type from the HyperLEDA database; (4): B-band effective radius along the galaxy semi-major axis 
from the HyperLEDA database; (5): position angle of the major axis; (6, 7): central stellar velocity dispersion and radial veloci t y from 
Paper II; (8): d istan ce to the galaxy using the distance modulus derive d from surface brig htness fluctuations of iTonrv et akl |200ll ). 
iMei et al.1 hoO^ ) and iBlakeslee et al.l ll2009l i; we applied the correction of Ijensen et al.l | |2003| ) to the values of Tonry; (9): total B-band 
absolute magnitudes estimated from total apparent magnitudes given in the NASA/IPAC Extra-galactic Database and corrected for 
Galactic extinction; ( 10): dynamical mass o f the galaxy using the log(Mtiyn) = 21og(a'o) -I- log(re) -|- 5.0, where re is the effective radius 
expressed in parsecs l lCappellari et aLll2006l) . 



the ISanchez-Blazguez et al.l (|2007t ) sample overlap with the 
IProctoj l|200i i^ sample. Since their stellar populatio n param- 
eters are similar we decide to use the values from IProctoil 
because they were derived f rom all 25 Lick/IDS in- 
dices w ith respect to the 20 used bv lSanchez-Blazguez et al] 



3 OBSERVATIONS AND DATA REDUCTION 

3.1 CMOS long-slit spectroscopy 

The observations were made using the Gemini Multi-Object 
Spectrograph (CMOS) mounted on the Gemini South tele- 
scope in long-slit spectroscopy mode. The six galaxies in the 
Fornax cluster were observed in semester 2006B (Program 
ID GS-2006B-Q-74), while the eight galaxies in the Virgo 
cluster were observed in semester 2008A (Program ID GS- 
2008A-Q-3). 

Four 1800s exposures were taken for each galaxy except 
FCC 335, for which two exposures of 1800s were taken. At 
the beginning of each exposure, the slit was centred on the 
nucleus and oriented along the major axis of the galaxy. The 
CMOS detector comprises three 2048 x 4608 EEV CCDs 
with a pixel size of 13.5 xl3.5 fj.m^ . We adopted the stan- 
dard full frame readout and, to enhance the signal-to-noise, 
we selected to bin 2x spatially, yielding a resolution of 
0.145 arcsec pixel"^. 

The slit width was set to 1.0 arcsec for the 2006B 
run and 0.5 arcsec for the 2008A run. It was 5.5' in 
length in both cases. For the 2006B run, we used the 600 
line mm~^ grism blazed at 5075 A, providing a dispersion of 
0.457 A pixel"^ and a wavelength coverage of 3670-6500 A. 
For the 2008 A run, we used the 600 line mm~^ grism blazed 
at 5250 A with 0.458 A pixer\ covering the wavelength 



range of 3860—6670 A. The instrumental set up provided a 
spectral resolution, as measured from the full width at half 
maximum (FWHM) of the arc hues, of ~ 4.21 A (2006B run) 
and ~ 2.45 A (2008A run). During the observations, the 
seeing varied from 0.7-arcsec to 1.0-arcsec FWHM, which 
is more than adequate for the purposes of our study. Spec- 
trophotometric and radial velocity standard stars covering a 
range of spectral classes were observed as calibrato rs. These 
stars belong to both the L ick/IDS stellar library (WorthevI 
'1994) and MILES library (|Sanchez-Blazauez et al.1 l2006bl ) 
Bias frames, dome fiat-fields and copper— argon (CuAr) arcs 
were also taken for calibration. 



3.2 Data reduction 

The data reduction was carried out using the Gem- 
ini/GMOS IRAF package (version 1.9.1). The software also 
computes the data quality and variance planes, producing 
an associated error spectrum for each data spectrum. This 
allows us to perform an accurate error analysis, with full 
propagation of errors through to the derivation of stellar 
population parameters. 

Each object frame is treated separately. Initial reduc- 
tion of the CCD frames involves overscan correction, bias 
and dark subtraction, fiatfield correction and cosmic ray re- 
moval. The fiatfield correction is performed by means of both 
a quartz-halogen lamp (taken with the Gemini calibration 
unit, GCAL) and twilight spectra, which are normalised and 
divided from all the spectra. This process corrects for pixel- 
to-pixel sensitivity variations and for two-dimensional large- 
scale illumination patterns due to slit vignetting. Cosmic 
rays are identified and eliminated by interpolating each line 
of an image with a high order function. The residuals (cos- 
mic ray hits) that are narrower than the expect instrumental 



4 Max Spolaor et al. 



line width are replaced with the fitted value. The package 
GSWAVELENGTH is used to establish an accurate wave- 
length calibration from copper— argon (CuAr) arc images 
taken just before and after each exposure. Each spectrum 
is converted to a linear wavelength scale using roughly 130 
arc lines fitted by 3th-5th order polynomials. An accuracy of 
better than 0.1 A is consistently achieved for the wavelength 
calibration solution along the whole spectral coverage. The 
spectra are also corrected for geometrical distortions along 
the spectral directions (S-distortion). The spectral resolu- 
tion is derived as the mean of the Gaussian FWHMs mea- 
sured for a number of unblended arc-lamp lines which are 
distributed over the whole spectral range of a wavelength- 
calibrated spectrum. 

To obtain reliable measurements of the Lick/IDS indices 
at large galactic radii, it is critical to perform an accurate sky 
subtraction. Sky contamination becomes increasingly signif- 
icant for the outer parts of the galaxy. In these regions, the 
level of galaxy light can be a few percent of the sky signal. 
ICardiel et al.l (|l995l ) show the effect of incorrect sky sub- 
traction on the measurement of line-strength indices radial 
profiles. This effect represents one of the main sources of 
systematic errors in the analysis of the stellar population 
radial trends. The generous field-of-view of GMOS and the 
intrinsic low luminosity of our sample allow us to accurately 
estimate the sky continuum from the edges of the slit, where 
the galaxy light is negligible. The sky level is estimated by 
interpolating along the outermost 10—20 arcsec at the two 
edges of the slit and subtracted from the whole image. A 
sky subtraction accurate to within 1 percent is achieved, 
guaranteeing negligible related systematics on the measured 
indices. 

For each galaxy, we obtain four fully reduced galaxy 
frames of identical exposure time. These are then co-added 
to form a single frame. The final galaxy frame is a two- 
dimensional spectrum from which we extract ID spectra 
along the slit. The spatial width (i.e. the number of CCD 
rows binned) for each extracted ID spectrum increases with 
radius to achieve a minimum signal-to-noise (S/N) per A of 
~ 35 in the spectral region of Mgt . By adopting this crite- 
rion we have been able to obtain reliable measurements of 
line-strength indices and, therefore, stellar population radial 
trends to galactocentric radii of ~ 3re. 



4 STELLAR POPULATION ANALYSIS 

The wavelength range of our spectroscopic observations cov- 
ers the 21 line-strength indi ces o f the original Li ck system 
defined in lFaber et all (|l985l ) and lWorthevI (|l994l ). plus the 
4 additional age-sensitive Balmer lin es H(5 a , H7A , H5_f, and 
H7F as presented in Worthcy Ott avianil (| 19971 ). The raw 
line-stren gth indices are measured using the method de- 
scribed i nlProctor k, SansomI (|2002l ) and adopting the defi- 
nition of lTrager et al. I l|l998h for index spectral pseudocon- 
tinua and bandpasses. The raw indices are then calibrated to 
the Lick/IDS system and converted to stellar population pa- 
rameters of luminosity- weighted Age, total metallicity [Z/H] 
and a-element abundance ratios [a/Fe] by comparison with 
single stellar population models. The details of this proce- 
dure are described in the following sub-sections. 



4.1 Calibrations to the Lick/IDS system 

The procedure to calibrate raw indices to the Lick/IDS sys- 
tem involves three different steps: (i) the correction for dif- 
ferences in the spectral resolution between the Lick/IDS sys- 
tem and our observations; (ii) the correction for broadening 
due to internal velocity dispersion of the observed galaxies; 
(iii) the correction for differences in flux calibration between 
our data and the stellar calibration spectra due to contin- 
uum shape o ffsets. The procedu re is based on the method 
presented i n iProctor fc SansomI (|2002'1. but see also Ap- 
pendix A in lSpolaor et al.1 l|2008bl ). 

Briefly, the spectra of galaxies with resolution higher 
than that of the Lick/IDS system are convolved with an 
appropriate Gaussian prior to index measurement. The 
Lick/IDS spec tral resolution for e ach i ndex is estimated 
from fig. 7 of IWorthev Ottavianil (|l997l ), as in table 2 of 
IProctor fc SansomI {200^ . When the opposite condition is 
found and the resolution exceeds that of the Lick/IDS sys- 
tem, the indices are measured from the observed Lick/IDS 
standard stars after convolving the spectra with a series of 
Gaussians of known widths. This procedure allows us to es- 
timate the appropriate correction factors for indices in our 
galaxies. In order to estimate the differences in flux calibra- 
tion we measure the indices in each of the observed standard 
stars after broadening to the appropriate resolution. The dif- 
ference between o ur measureme nts and those taken on the 
Lick/IDS system (|Worthevlll994l ) of the same standard stars 
are given in Tabled The measured offsets are then applied 
to the spectral resolution and velocity dispersion broaden- 
ing corrected indices. Index errors arise from two types of 
errors which are added in quadrature; (i) random statistical 
errors due to Poisson noise; (ii) uncertainties in recession 
velocity, velocity dispersion and systematic errors originat- 
ing from the conversion onto the Lick/IDS system quantified 
using the error on the mean of the offsets. T he systematic 
and random errors are of the same order fe.g. IProctor et all 
|2004 ISanchez-Blazguez et all '2007'') . These errors are taken 
into account in the single stellar population model fitting 
procedure. 



4.2 Emission-line correction 

Emission lines of different intensity can be seen in a large 
percentage of early-type galaxies. They affect the measure- 
ment of the H/3, H7A,F, H5a,f, Fe5015, and Mgi, Lick/IDS 
indices. 

In order to estimate the flux from emissi on lines we 
use the GANDALF software (|Sarzi et al.ll2006l ). The soft- 
ware finds the combination of template spectra which best 
reproduce the galaxy spectrum and simultaneously fits the 
emission lines as additional Gaussian templates. Thus, the 
emission spectra are subtracted from the galaxy spectra and 
the Lick/IDS indices are measured in the emission- free spec- 
tra. We use template sp ectra from the MILES standard star 
library ( Sanchcz-Blazg uez et al.l [2006a ) . The approximate 
sensitivity to the detection of emission lines in a typical ID 
spectrum of our dataset, which has a median S/N ~ 35, is 
~ 0.27 A. We find that only few galaxies present emission 
lines, and their intensity level is weak. 
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Index 


Unit 


Offset 


Error in Mean 




A 


0.143 


0.182 


HSp 


A 


-0.225 


0.200 


CNi 


mag 


0.004 


0.010 


CN2 


mag 


0.011 


0.010 


Ca4227 


A 


0.209 


0.100 


G4300 


A 


0.071 


0.230 


^ J A 


A 


-0.156 


0.074 


H7F 


A 


-0.115 


0.152 




A 


-0.033 


0.125 




A 


-0.054 


0.053 


Fe4531 


A 


0.346 


0.103 


C4668 


A 


-0.335 


0.187 




A 


-0.021 


0.083 


Fe5015 


A 


-0.013 


0.158 


Mgi 


mag 


0.027 


0.010 


Mg2 


mag 


0.029 


0.010 




A 


0.088 


0.072 


Fe5270 


A 


0.000 


0.140 


Fe5335 


A 


0.015 


0.042 


Fe5406 


A 


0.100 


0.185 


Fe5709 


A 


0.031 


0.065 


Fe5782 


A 


0.026 


0.067 


NaD 


A 


-0.239 


0.138 


TiOi 


mag 


0.006 


0.003 


Ti02 


mag 


-0.015 


0.005 



Table 2. Offsets for the observed standard Lick/IDS stars. Esti- 
mates are between our index measurements and those ta ken from 
the original Lick/IDS system ijWorthev Ottavianilll99"7l ). 



4.3 Stellar population model-fitting 

We compare the meas ured Lick/IDS indices to single stellar 
population models of iThomas et al.1 ^2003, 200i). The ad- 
vantage of these models is that they reproduce the effects of 
varying a-abundance ratios on Lick/IDS indices. For each 
index, a 3-dimensional grid of model log(Age), [Z/H], and 
[a/Fe] values are provided. The grid encompasses values for 
-1 < log(Age) < 1.175 dex, and -2.25 < [Z/H] < 0.8 dex 
in steps of 0.025 dex, and -0.3 < [a/Fe] < 0.6 dex in 0.03 
dex steps. 

The best fit to the stellar population parameters 
log(Age), [Z/H] and [a/Fe], is achieved by simultaneously 
fitting the 3-dimensional model grids throughout a 
minimisation of as many observed indices as possible. The 
technique reduces the deviation between the observed 
and the mo delled index values takin g into account the in- 
dex errors (IProctor &: Sanso ml l2002l ). The strength of the 
method is that it works with as many indices as possible 
in order to break the age-metallicity degeneracy that affects 
each index differently. Observed indices that are highly de- 
viant from model values can be easily flagged and excluded 
by the fitting process through a 3a" clipping procedure. The 
fit is re-iterated on the remaining indices until a stable so- 
lution is found. We stress that this methodology allows us 
to derive values of stellar population parameters that are 
robust against data reduction uncertainties such as flux cal- 
ibration errors, stray cosmic rays, sky-line residuals, velocity 
dispersion errors, errors in the conversion to the Lick system, 
emission line-filling, etc. 

The errors on the derived stellar population parameters 



are estimated by means of Monte Carlo simulations. The 
best-fitting SSP model values are convolved with a Gaus- 
sian of width equal to the index error estimates. Hence, 
stellar population parameters are measured from index val- 
ues which are randomly selected from the simulated dis- 
tribution. The final errors are the rms values derived by 
repeating this procedure 50 times. We find that median er- 
rors estimated from our observational errors are ± 0.07 dex, 
± 0.04 dex, and ± 0.05 dex respectively for log(Age), [Z/H], 
and [a/Fe]. The uncertainties associated with the specific 
SSP models produce systematic errors larger than those esti- 
mated by the Monte Carlo realisations. Although the model- 
related errors become statistically significant when compar- 
ing our results to those of other works that use different SSP 
models, they do not affect the analysis of stellar population 
radial gradients or relationships within our data sample. 



4.4 Radial profiles of Ages, Metallicities, and 
Abundance Ratios 

The radial profiles of Age, [Z/H], and [a/Fe] measured along 
the major axis of the 14 low-mass galaxies are presented in 
Fig. [Tl Fig. (2] and Fig. [S] The radial profiles extend out to 
~ 1 - 3re. 

Values are expressed as a function of the galactocentric 
radius of the aperture from which they are derived. This 
radius is then scaled with the effective radius to allow us a 
consistent comparison between profiles of different galaxies. 
The profiles have been folded onto the positive side of the 
major axis with respect to the galaxy's centre. In this way, 
we can evaluate asymmetries between the two sides. We find 
that parameters measured at same radii from the two major 
axis's sides are similar within the errors, suggesting a large- 
scale chemical coherence. 

In Appendix [B] we give a description of the observed 
radial profiles for each galaxy in the sample. 



5 GALAXY PROPERTIES 

In this section, we combine our results on low-mass galax- 
ies with the properties of the high-mass galaxy sample de- 
scribed in Section [2]2] This allows us to analyse stellar pop- 
ulation properties at large radii over a comprehensive mass 
range. 



5.1 Stellar population gradients 

We measure radial gradients of stellar population by per- 
forming a weighted linear least-squares fit to the data points, 
of the form: 



AP 

A log r 



log 



(1) 



where r is the galactocentric radius, Ve the effective radius 
and Pr^ is the stellar population parameter evaluated at 
re. Gradients express the derivative variation of each stel- 
lar population parameter along the galactocentric radius 
scaled by the effective radius. We denote them as grad Age, 
grad [Z/H] and grad [a/Fe]. The fit considers data points 
out to one effective radius, but it excludes points from aper- 
tures extracted within a radius equal to the seeing disc. By 
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Figure 1. The major-axis stellar population parameters of the Fornax cluster low- mass galaxies. Values are estimated from spatially 
resolved apertures extracted along the negative (open blue squares) and positive (filled red squares) side of the major axis. The points 
are folded onto the positive side. The x-axis indicates the galactocentric distance of each extracted aperture, scaled with the galaxy's 
effective radius and expressed in logarithmic scale. The vertical dashed black line represents the seeing limit. The solid black line is a 
weighted average of the data points. The error bars express the median error in the derived parameters. 
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Figure 2. The major-axis stellar population parameters of tlie Virgo cluster low-mass galaxies. Description is as for Fig.[T] 
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Figure 3. Continued from Fig. |2] 



doing this we can consistently compare our results with gra- 
dients measured in the data sample of high-mass galaxies. 
We report the gradient values in Table [CT] 

We find that gradient values remain statistically simi- 
lar when we include points beyond one effective radius, i.e. 
out to the largest observed radii. We have verified this to 
be valid for all the low-mass galaxies in our sample with 
extended stellar population radial profiles. However, we can 
not confirm that this is the case for the high-mass galax- 
ies, due to fact that their stellar population profiles do not 
extend beyond one effective radius. 

In Fig. 131 we show the relation between stellar popu- 
lation gradients and central velocity dispersion ctq of galax- 
ies. The central velocity dispersion is known as galaxy mass 
indicator (e.g., [Graves et all 120091 ') and it is measured by 
averaging the dispersion values within a radius of re/8. 

We find that metallicity gradients of early-type galaxies 
correlate well with galactic mass. We find no significant gra- 
dients in Age and [a/Fe] and no relation against the mass. 

Originally reported in lSpolaor et al.l (|2009al ). the mass- 
metallicity gradient relation shows a different trend for 
low-mass (i.e., 1.6 < log(cro) ^ 2.15) and high-mass (i.e., 
2.15 < log((To) < 2.6) galaxies, with a sharp transition 
point at log((To) ~ 2.15. The trend established by low- 
mass galaxies is remarkably tight, and their metallicity gra- 
dients become less negative and hence shallower with de- 
creasing mass. At the very low-mass end, log(o-o) < 1-8, 
gradient values change sign becoming positive or nil. In 
the range 1.6 < log(o-o) < 2.15, the slope of the relation 
is —0.83 ± 0.05. The transition point at log(cro) ~ 2.15 
marks the beginning of a downturn from the tight low- 
mass trend. Galaxies with increasing mass are characterised 
by shallower metallicity gradients. However, the downturn 
is marked by broad scatter and some of the most massive 
galaxies have steeper negative gradients. A non-parametric 
Spearman rank-order test, performed on all data points in 
the range 2.15 < log((Jo) < 2.6, gives a level of significance 
lower than 0.04; that is, there is a probability greater than 
96 per cent that a correlation exists. 



Median 


Low-mass 
galaxies 


High-mass 
galaxies 


Entire Sample 


grad Age 
grad [Z/H] 
grad [cf/Fe] 


0.06 ± 0.13 
-0.16 ± 0.15 
0.02 ± 0.07 


0.01 ± 0.18 
-0.23 ± 0.13 
0.00 ± 0.06 


0.03 ± 0.17 
-0.22 ± 0.14 
0.01 ± 0.06 


Ageo [Gyr] 
[Z/H]o 
["/Fe]o 


10.0 ± 2.1 
0.00 ± 0.22 
0.11 ± 0.13 


10.5 ± 1.6 
0.32 ± 0.12 
0.27 ± 0.11 


10.2 ± 1.8 
0.29 ± 0.20 
0.24 ± 0.14 


(Age) [Gyr] 
([Z/H]> 
([a/Fe]> 


11.7 ± 1.5 
-0.27 ± 0.22 
0.15 ± 0.11 


11.7 ± 1.5 
-0.05 ± 0.20 
0.25 ± 0.12 


11.7 ± 1.5 
-0.13 ± 0.22 
0.22 ± 0.13 



Table 3. Statistics of stellar population properties for our sam- 
ple galaxies; stellar population gradients, central and mean stellar 
values. The median values are for distributions of low-mass galax- 
ies (1.6 < log(a'o) ^ 2.15), high-mass galaxies (2.15 < log((To) < 
2.6), and the entire data sample (1.6 < log((To) < 2.6). 



The number distribution of stellar population gradients 
for the entire data sample are shown in Fig. U Median val- 
ues are given in Table |3] We also plot histograms of the 
subsamples of low-mass galaxies, 1.6 < log((To) ^ 2.15, and 
high- mass galaxies, 2.15 < log((To) < 2.6. 

The metallicity gradient distributions peak at negative 
gradient values. The entire data sample and the high-mass 
galaxies have similar distributions, with almost equal me- 
dian values. On the other hand, low-mass galaxies have on 
average shallower negative gradients. In the histograms of 
Age and [a/Fe] gradients for the entire data sample and 
the high-mass galaxies the peaks are at almost null gradi- 
ent value. Low-mass galaxies have on average very shallow 
positive Age and [a/Fe] gradients. 

Our results are in agreement with previous find- 
ings of stellar pop ul ation g radients in hig h- mass galax- 

and 



Mehlert et al 



fulation g radients m nig n- mass ; 
l|2003l l. lAnnibali et ati (|2007l ') 



iRawle et al.l ( 20081 ) considered stellar population gradients 



in early-type galaxies out to almost one effective radius. 
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Figure 4. Stellar population gradients of our sample galaxies. Left plots (from top to bottom): age, metallicity and abundance ratio 
gradients as a function of central stellar velocity dispersion (a proxy for galaxy mass). In the grad [Z/H]— log((To) diagram, the red line 
shows a weighted least-squares linear fit to the data points for low-mass galaxies. Right plots (from top to bottom): histograms of the 
stellar population gradients. In each plot, the distributions for the entire data sample (black shaded region), the low-mass galaxies (red 
solid line) and the high-mass galaxies (blue dashed lines) are shown. The median values are shown as superimposed arrows: at the top 
of the histograms for the entire data sample (black arrow) and at the bottom for low-mass galaxies (red solid arrow) and high-mass 
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They analysed objects with central velocity dispersion in 
the range 2.1 5C log((To) ^ 2.5. In general, Age and [a/Fe] 
gradients are found to be negligible, whereas metallicity gra- 
dients become shallower with increasing mass. The median 
values derived for the metallicity gradients distributions in 
these studies are respectively —0.16, —0.21 and —0.20 dex 
per decade. The lower value found bv lMehlert eTal] (|2003l ') 
is probably due to the fact that they derive gradients of total 
metallicity [Z/H] from ra dial profiles of just a few spe ctral 
indices Mg, Fe and H^. In lKobavashi fc Arim"otol (|l999l '). the 
average of metallicity gradients was as steep as —0.3 dex per 
decade, and no relation between gradients and mass is found. 

5.2 Central and mean stellar population 
properties 

Central values of stellar population parameters Ageo, 
[Z/H]o, [a/Fe]o are calculated by averaging the values from 
all apertures extracted within a radius of re/8. The param- 
eters for all s ample galaxies are repo r ted in Table [C2] 

FoUowing lKobavashi fc Arimotd |l999'), we define mean 
values of stellar age (Age), total metallicity ([Z/H]) and 
Q— abundance ratio ([a/Fe]) of a galaxy as the parame- 
ters measured at one effective radius. The difference be- 
tween this definition and the average of values from aper- 
tures within one effective radius is related to the stellar 
p opulation gradients, and is negligibly small (see Eq.(22) 
of lKobavashi fc Arimotolll999l ) . We find that if the gradient 
absolute value is smaller than 0.3 dex per decade then the 
two mean values differ of ~ 0.05 dex. If the gradient's abso- 
lute value ranges between 0.3 and 0.6 dex per decade then a 
difference of ~ 0.09 dex is detected. These values are compa- 
rable to the stellar population parameters errors estimated 
by our stellar population model-fitting analysis. Mean stellar 
values of our sample galaxies are given in Table [C3l 

In Fig. O we compare the mass trends defined by cen- 
tral and mean stellar population parameters. In Fig. [6] we 
plot the histograms of central and mean stellar parame- 
ters for the entire data sample and for the subsamples of 
low-mass (1.6 < log((To) ^ 2.15) and high-mass galaxies 
(2.15 < log(cro) < 2.6). Median values are given in Table [3] 

We find a clear mass-metallicity relation for our sample 
galaxies, such that the metallicity increases with increasing 
galactic mass. The comparison between the distributions of 
[Z/HJo and ([Z/H]) values indicates that central galactic re- 
gions are more metal-rich then the rest of the galaxy. We 
find that our best-fitting parameters, given in Table |4l of the 
central and mean metallicity-mass relations reveal a statisti- 
cally significant difference not only in zero point but also in 
slope. This is attributed respectively to stellar population 
metallicity gradients and to the mass-metallicity gradient 
relation. In fact, we have previously found that the sample 
galaxies have an average metallicity gradient of —0.23 ±0.14 
dex per decade. However, we have also found that metal- 
licity gradients in low-mass galaxies are on average flatter 
than those in high-mass objects. This effect is such that 
the [Z/H]o-log((To) and ([Z/H])-log((To) fits tend to converge 
with decreasing mass. The residuals to the best fit are found 
not to correlate with other parameters. 

The mass-[a/Fe] relations for our data sample has a 
remarkably small scatter that is preserved along the entire 
mass range. Massive galaxies have significantly supersolar 



abundance ratios, while low-mass galaxies have ratio compa- 
rable to stars in the solar neighbourhood. The mass-([a/Fe]) 
and mass-[Q!/Fe]o relationships are statistically equivalent 
(Table |4ll. A similar conclusion is reached by inspecting the 
distributions of the two abundance ratio parameters. 

The age of the galaxies is found to be the least variable 
among the three plotted parameters. In general, galaxies of 
similar mass have ages which can differ by several gigayears. 
However, there exists a weak trend such that most mas- 
sive galaxies have older ages than low-mass systems. We 
performed a weighted least squares fit to the data points; 
best-fitting parameters are reported in Table [J] The mean 
stellar age of galaxies is observed to be older than their cen- 
tral age. In fact, the Ageo and (Age) distributions peak at 
old age values and their median values differ by ~ 2 Gyrs. 

In TableO we summarise the findings by previous stud- 
ies on mass trends of central stellar population values. A 
consistent comparison is hindered by differences in the data 
samples (i.e., mass range), and in the techniques adopted in 
estimating stella r population parameters. However, we find 



that the work of iNelan et al.l l|2005h is the most comparable 
to our study. In particular, they derive central stellar pop- 
ulation properties of 4097 red-sequence galaxies from the 
NOAO Fundamental Plane Survey (NFFS), by comparing 
all of the Li ck /IDS indices to SSP models of |Th omas et al.l 
l|2003l . l2004l ). 

In the literature, the existence of an Ageo-log(f7o) 
relatio n is still under debate. |j0rgeiisenl lll999|). Kuntschnei 
feOOj)^ [Mehlert et al.l (|2003l ). and ISanchez-Blazquez e~. 
(2006b|) (high-density environment gala xies) report a 



lack o f trend in their sa mples , whereas Poggianti et al.l 
( 200ll), ICaldweU et al.l ||2003|). iThomas et al.l ll2005h. 



iNelaii et all ll2005h. iBernardi et"al 



l|2006l) . Sanchez-Bla zquez et al 



f2006 
(200 




[Smith et al.l 
(low- density envi- 
I) and [Graves et al.l 



ronme nt galaxies) , [Annibali ct al. 

(|2007|)_ claim a c l ear co rrelation between the two parame- 
ters. iNelan et all (|2005l ) claim a steepen of the relation for 
galaxies with central stellar velocity dispersion values less 
than log(CTo) ~ 2.1. Our results do not allow us to confirm 
this change in slope, but we observe a sudden drop to 
younger age values for low-mass galaxies in comparison to 
the older high-mass objects. All previous studies find a cor- 
relation between central metallicity and mass of early-type 
galaxies. However, the measured slope values can differ 
up to 30 per cent. Our results a re in good agreement with 
the values of iNelan et al.l l|2005h . Th e slope values for th e 
[Q;/Fe]o-log(cro ) relat io n measured b y Mehlert et al.l ||200^, 
iThomas et al] ||2005|) . lNela.n et al.l (|2005|), [Bernardi et al.l 
('2006^, 'Smith ct al f2006'). lAnnibah et all \2m% and 



.Graves et al., (,2007i ) are similar to ours. 

5.3 Relations between stellar population 
parameters 

The relationships between central stellar population param- 
eters Ageo, [Z/H]o, and [a/Fe]o of our sample are shown in 
Fig. [T] These param eters are known to individually corre- 
late with mass (e.g., iTrager et allbOOOl) . Therefore, in the 
plots we encode the data points as low-mass and high-mass 
objects, divided at a transitional mass of log(o"o) = 2.15. 

We find that galaxies with younger central age have a 
higher central metal content, which implies that the young 
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Figure 5. Stellar population parameters as a function of central stellar velocity dispersion (as proxy for galaxy mass). Open red circles 
and filled black squares respectively indicate central values and mean stellar values of stellar population parameters of our sample galaxies. 
The red and black solid lines are the weighted least-squares linear fit to the data points. 



Relation 




Age-log ((TO ) 


[Z/H]-log((7o) 


[a/Fc]-log(o-o) 


Central stellar values 


Slope 


0.57 ±0.14 


0.59 ± 0.10 


0.38 ±0.07 


Mean stellar values 




0.30 ±0.11 


0.28 ± 0.13 


0.30 ±0.07 


Central stellar values 


Zero point 


-0.38 ±0.33 


-1.10 ±0.23 


-0.66 ± 0.16 


Mean stellar values 




0.32 ±0.26 


-0.74 ±0.30 


-0.49 ± 0.16 



Table 4. Best-fitting parameters to our central and mean values of stellar population parameters versus mass relations. 



stars are formed out o f pre -enriched gas. |j0rgensenl l|l999l ) , 
IPoggiant i et al.l (|200ll ) and iThomas et alj l|2005h observe a 
similar t rend in their data sample of early-type galaxies, 
althoueh iKuntschnerl (fgOOl) argues that the observed age- 
metallicity anticorrelation is more likely to be an artefact 
caused by errors due to the well known age-metallicity de- 
generacy l|Worthevl[l993). 

iTrager et all (|2000l '). iTrager et af] 
ISmith et al.l (|2008l ) find that Ageo, [Z/H]o, 



(|2008h and 

and [a/Fe]o 

together with log(cro) of galaxies form a four-dimensional 
space and their variation can be described by two separate 
bidimensional relationships: (i) a correlation between [a/Fe] 
and log((7o); (ii) the metallicity hyperplane. The hyperplane 



is described by a linear combination of Ageo, [Z/H]o, and 
log(cro) of the form: 



[Z/H] = Q log(cro) + (3 log Age + 7 



(2) 



The best-fitting parameters of a weighted least squares fit 
to our data samples are a = 0.80 ± 0.08 , P = 0.36 ± 0.09 
and 7 = 1.24±0.04. Therefore, the Ageo-[Z/H]o diagram in 
Fig. [7] is a projection of the metallicity hyperplane. Galax- 
ies with old central ages tend to have significantly larger 
[a/Fe]o values than younger objects. This result is often 
interpreted as [a/Fe] being an indicator for star formation 
timescales. Finally, massive galaxies have higher [Z/H]o and 
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Figure 6. Histograms of central and mean values of stellar population parameters. In each plot, the distributions for the entire data 
sample (black shaded region), the low-mass galaxies (red solid line) and the high-mass galaxies (blue dashed lines) are shown. The median 
values are shown as superimposed arrows: at the top of the histograms for the entire data sample (black arrow) and at the bottom for 
low-mass galaxies (red solid arrow) and high-mass galaxies (blue dashed arrow). 



Reference 


Range in 


log(o-o) 


Agco-log(o-o) 


[Z/H]o-log((7o) 


[Q/Fe]o-log(o-o) 


Kobavashi & Arimoto (1999) 


2.1 - 


2.6 




0.76 




Kuntschner C2001') 


2.0 - 


2.6 


none 


0.9 




Mehlert et al. f2003~) 


1.9 - 


2.6 


none 


0.77 ± 0.10 


0.36 ± 0.09 


Thomas et al. f2005~) 


2.1 - 


2.5 


0.78 ± 0.23 


0.42 ± 0.14 


0.36 ± 0.05 


Nelan et al. (2005) 


1.9 - 


2.4 


0.59 ± 0.13 


0.53 ± 0.08 


0.31 ± 0.06 


Sanchez-BlazQuez et al. ('2006b) 


2.1 - 


2.5 


weak/none^ 


0.00 ± 0.00 




Bernardi et al. (2006) 


2.0 - 


2.5 


0.81 


0.58 


0.39 


Smith et al. (2006) 


1.9 - 


2.4 


0.72 ± 0.14 


0.37 ± 0.08 


0.35 ± 0.07 


Clemens et al. (2006j 


2.0 - 


2.5 




0.76 


0.74 


AnnibaU ct al. (2007) 


2.1 - 


2.5 


0.43 


0.48 


0.41 


Graves et al. (200?" 


2.0 - 


2.4 


0.35 ± 0.03 


0.79 ± 0.05 


0.36 ±0.04 


This work 


1.6 - 


2.6 


0.57 ± 0.14 


0.59 ± 0.10 


0.38 ± 0.07 



Table 5. Literature compilati on of best-fitting slopes to central values of stellar population parameters versus mass relations, 
ISanchez-Blazguez et ahl ll2006bl) find a slope of 0.00177 ±0.00033 for low-density environment galaxies, whereas they don't find a rela- 
tionship for galaxies in high-density environments. 



[a/Fe]o values with respect to more metal-poor and lower 
abundance ratio low-mas galaxies. 

The mean values of stellar population parameters 
(Age), {[Z/H]), and ([a/Fe]) are found not to correlate with 
each other. In particular, the trends observed for central 
values are erased when mean stellar values are considered. 

Finally, we systematically surveyed all parameter com- 



binations for possible correlations with stellar population 
gradients, however we did not detect any significant corre- 
lations. 



Early-type galaxies at large galactocentric radii - II 13 




Figure 7. Relations between central values of stellar population 
parameters. Dashed lines indicate constant velocity dispersion in 
the metallicity hyperplane. Red filled circles are low-mass galax- 
ies. Blue filled squares are high-mass galaxies. 



6 DISCUSSION 

6.1 Origin of metallicity gradients 

Below we discuss the origin of metallicity gradients in 
our sample galaxies in the context of competing galaxy 
formation mechanisms. In Fig. [S] the mass-metallicity 
gra dient relation is c ompa r ed to num e rical simula tions 
bvlKawata fc GibsonI (|2003l ). iKobavashil (|2004 |2005| ) and 
iHopkins at all (|2009l ). 

The chemodynamical simulations of iKawata &: GibsonI 

model the formation of early-type galaxies via the 
dissipative collapse of a ga s cloud, upon which CD M pertur- 
bations are superimposed. IKobavashil l|2004 [200I) simulate 
the formation and chemodynamical evolution of field ellip- 
tical galaxies with a variety of merging histories in a CDM- 
based scenario. A number of physical processes, such as ra- 
diative cooling, star formation, energy feedback via Type II 
and la supernovae and stellar winds, and chemical enrich- 
me nt from intermediate m ass-stars are included in the mod- 
els. iHopk ins et al] (|2009l ) reproduce elliptical galaxies with 
a variety of metallicity gradients in simulations of equal- 
mass mergers of gas-rich disc galaxies, including feedback 
processes from galactic winds and black hole growth. 

The strong grad [Z/H]-mass trend exhibited by our low- 
mass galaxies (i.e., 1.6 < log( go) 2.15) is in good ag ree- 
ment with the predictions of iKawata fc GibsonI l|2003l ). In 
order to produce the steepening of gradients with increas- 
ing mass, an early star-forming collapse with varying star 
formation efficiency is required. The interplay between the 
efficiency of radiative cooling and feedback heating is such 
that the gas infall rate decreases with increasing galactic 
mass. In more massive galaxies, the sinking gas is chemi- 
cally enriched with a greater efficiency. Consequently, the 



Figure 8. Metallicity gradients as a function of galaxy central 
velocity dispersion. Black points indicate our observations. The 
predictions of an early star-forming collapse of lKawata fc GibsonI 
(2003) are shown as black dashed lines. The region occupied by 
the remnants of major merg e rs bet ween gas-rich disc galaxies, as 
simulated bv lHopkins et all ||2009| ). is shown by the light yellow 
shading. The red crosses indicate merger remnants simulated by 
IKobavashil ||2004) . 



rate at which new metal-rich stars are formed and there- 
fore the final slope of the metallicity gradient increase with 
increasing mass. The almost solar [a/Fe] abundance ratios 
found for the galaxies imply a gradual conversion of gas into 
stars. The tight [a/Fe]-mass relation that they form indi- 
cates a star formation efficiency that varies with mass (see 
also next section). 

In Paper I, we studied the kinematic and photomet- 
ric properties of these galaxies, and the results support the 
above scenario. The galaxies are found to host old stellar 
discs which extend to the largest observed radii (i..e, ~ 3re). 
This cold stellar component is the dominant source of their 
dynamical support. Gas dissipation and redistribution of an- 
gular momentum during an early star-forming collapse are 
suggested to be responsible for generating the observed large 
amount of rotational support. In particular, low star forma- 
tion efficiency with a gradual conversion of gas into stars at 
all galactic radii (i.e., out to ~ 3re) is required to explain 
the observed prevalence of discy-shaped orbits and the radial 
variation of their ellipticity. 

The m etallic ity gr adients in the galaxies simulated by 
IKobavashil (|2004l2005l ) are steeper at log(cro) < 2, and with 
a larger scatter around log(cro) 2.2 than those of our low- 
mass galaxies (i.e., 1.6 < log((To) ^ 2.15; see Fig. [Sjl. In the 
simulations, the large scatter originates from the difference 
in the merging histories, with the flatter gradients formed by 
major merger. Although we need further data to confirm it, 
the small scatter observed in our relationship could indicate 
an homogeneous formation history, in agreement with our 
previous findings of an early star-forming collapse, and that 
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intermediate-mass (log((To) ~ 2.2) early-type galaxies are 
not formed by major merger. 

The sharp trend transition at log((To) ~ 2.15 in the 
grad [Z/H]-log((7o) diagram (Fig. [8]) is such that for galaxies 
of higher mass (i.e., 2.15 < log(c ro) < 2.6) the relat i onshi p 
deviates from the predictions of iKawata fc GibsonI (|2003l l. 
and shows a large scatter. In the literature, this mass value 
(i.e., 3.5x1O^''M0) often marks a transition in the properties 
of physical mechanism s acting in early-type galaxies (e.g., 



Kauffmann et al.l l2003l : ICroton et al] 120061 : ICattaneo et al I 
20081 ). The gradients in high-mass galaxies tend to flatten 



with increasing mass producing a downturn from the low- 
mass regime. The merger-based models of iHopk ins et al.l 
l|2009l ) well reproduce the region occupied by metallicity gra- 
dients of high-mass galaxies. 

The principal factors that contribute in flattening the 
gradients are the progenitors' mass ratio and their initial 
pre-merger gradients. For example, progenitors with iden- 
tical initial gradients and a gas content that is 10 percent 
of the total stellar mass of the discs, produce a final gra- 
dient that is almost 50 percent shallower than that gener- 
ated by progenitors with a gas content of 40 percent. In a 
merger between progenitors with identical initial gradients 
but without merger-induced star formation, the remnant 
has a gradient up to 40 percent flatter than the originals 
ijDi Matteo et al.ll2009l '). Only 3 Gyr after the merging, time 
evolution is predicted to weaken the gradients up to 10 per- 
cent of their original slope. For completeness, we note that 
the kinematic and photometric properties of more massive 
galaxies are well known to be consistent with the predictions 
of gas-rich disc galaxies mergers (e.g. iBender et al.l [l993 : 
iNaab et al.ll2006l : icox et aklbood ). We attribute the down- 
turn to be a consequence of merging and the broad scatter 
a natural result of the different merger properties. 

The situation for the massive galaxies with the steeper 
negative gradients is more puzzling. These galaxies are clas- 
sified as brightest group and cluster galaxies and their gra- 
dients are not reproduced by the models. A possible in- 
terpretation is that after their merger assembly, their po- 
sition at the bottom of the gravitational potential well of 
group/cluster of galaxies favours the accretion of surround- 
ing gas from cooling flows. This induces further central star 
formation thus steepening the metallicity gradients. How- 
ever, the old stellar age (i.e., ^ 8 Gyrs) of the central regions 
place the last major gas-accretion event at redshift z ^ 1. 
Alternatively, these galaxies were formed in an early dissipa- 
tional collapse during a very efficient star-forming episode. 
The high efficiency in converting gas into stars coupled with 
energy feedback processes prompted the steep gradients. 
Consequent passive evolution preserves the gradients. 



6.2 Do the [Z/H]-mass and [a/Fe]-mass relations 
have a common origin? 

The phy sical mechanism endorsed by chemodynamical mod- 
els (e .g., lMatteuccilll994l : lKawata fc Gibsonl2003l : lKobavasiiil 
2004^ and cosmologi c al hydrodynamic simulations (e.g., 
De Lucia et al.l |2004|: iBrooks et al.| |2007l: Ide Rossi et all 



phase metals into new stars decreases to lower galaxy mass, 
leading to extended star formation. The low metallicities 
observed in our low-mass galaxies could indicate a deple- 
tion of metal-enriched gas by mass-dependent galactic out- 
flows, due to energy feedback (i.e., mass-dependent galactic 
winds), and facilitated by the shallow gravitational poten- 
tial well. On the other hand, high-mass galaxies are able to 
retain a greater amount of the chemical enriched gas, which 
therefore can be converted and locked into new metal-rich 
stars. 

The [a/Fe] ratio can be used to distinguish between 
rapid, efficient star formation and extended, less efficient 
star formation. This is motivated by the time-delay in the 
production of Fe-peak elements with respect to a-elements, 
due to the different timescales of Type la and Type II SNe. 
An analytical link between [a /Fe] rat io and star formation 
timescale was proposed by Thomas et al. (2005). The [a/Fe] 
is proportional to the logarithm of the timescale of a star- 
forming episode, assuming a Gaussian star formation rate 
(SFR). They show that a composite stellar population with 
a ratio [a/Fe] = 0.2 requires a formation timescale ^ 1 Gyr. 
The supersolar abundance ratio observed in the high-mass 
galaxies implies a rapid and efficient star formation episode. 
The star formation history of our low-mass galaxies is ex- 
pected to last for several gigayears, thus yielding solar [a/Fe] 
ratio, and is required to be less efficient. In particular, a 
long period of time is necessary for the metal contribution 
of Type la SNe to become relevant such that it dilutes the 
[a/Fe] ratio. 

The almost negligible [a/Fe] gradients displayed by our 
galaxies, at any given galaxy mass and out to large radii, 
might indicate that regions at different galactocentric radius 
have similar star formation timescales. 

The above given interpretation of the observed [Z/H]- 
mass [a/Fe]-mass relationships is a natural outcome of 
the early star-forming collapse scenario. On the other 
hand, the failure in simultaneously reproducing the [Z/H]- 
mass and [a/Fe]-mass relationships is a well known prob- 
lem for models of th e hierarchical merging scenario (e.g., 
I Thomas et al.l Il999al ). The complication lies in the fact 
that mechanisms required to satisfy the former rela- 
tion tend to wo rsen the agreement with the latter, and 
vice-versa (e.g., iPipino fc Matteuccil |200^ ). In particular, 
the [a/Fe]-mass relation is often i nterpreted as observa- 
tional evidence for downs i zing (e.g., Somerville et al.l l2008l : 
iTrager fc Somervillell2009l : iFontanot et al.|[2009h. 



Thomas! (Il999l ') and iThomas fc Kauffmann! l| 1999b! ) 



2007! : !Finlator fc Davel!2008! : !Tassis et al.!!2008l ). for explam- 
ing the observed [Z/H]-mass, and [a/Fe]-mass relationships 
is a mass-dependent star formation efficiency. 

In this interpretation, the conversion efficiency of gas- 



were the first to study the [a/Fe] abundance ratio in mod- 
els with star formation histories derived from a hierarchi- 
cal semi-analytica l galaxy formation model. The models of 
!Nagashima et ah! (!2005a! !b!) included the chemical enrich- 
ment from a variety of elements due to Type la and Type 
II SNe and a varying initial mass function. However, all of 
these studies obtain a decrease of the [a/Fe] abundance ra- 
tio with increasing mass because of the over-extended star 
fo rmation histor i es in high-mass galaxies. In the simulations 
of !Pipino etahi (|2009! ). a significant improvement at high 
masses is obtained by quenching the star formation via AGN 
feedback in massive haloes. They suggest that a better sup- 
pression of star formation at low and intermediate masses 
is required to avoid the presence at high redshift of low- 
mass supersolar a-elements enhanced galaxies. This is an 
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Figure 9. Comparison between observed and predicted [Z/H]o- 
mass and [o/FeJo-niass relationships. Open black circles represent 
central values of our sample galaxies. The black solid line is the 
weighted least-squares linear fit to the data points. In the left 
plots, we plot the predictions from lArrieoni e t al. (200!|) (green 
shading). In the right plots, the models of [Calura et ahl ||2009| ) 
are shown (blue shading). 



essential requirement to hierarchically build more massive 
galaxies with the observed [a/Fe] abundance ratios. 

Recently, th e simu lations of Arrig oni et al.. (i2009 ,) and 
ICalura fc MencJ (|2009l ) coupled detailed galactic chemo- 
dynamical evolution models to semi-analytic hierarchical 
galaxy formation models. Both studies adopt a varying ini- 
tial mass function and AGN energy feedback. In Fig. [O] we 
compare our centrally based [Z/H]-mass and [a/FeJ-mass 
relations to their models. 

The models bv lArrigoni et al.l |200i) are for a Chabrier 
IMF with slope of a: = 1.1 and a given fraction A = 0.015 of 
binaries responsible for Type la SNe. The slope of the pre- 
dicted mass-metallicity relation is slightly steeper than our 
data. The effect of a shallower IMF is an increase in metallic- 
ity, since more massive stars are produced, thereby increas- 
ing the gas enrichment efficiency. There is good agreement 
between observed and model abundance ratios, although at 
higher galaxy mass the predicted values are too low. The 
lower ratio of Type la to Type II supernovae produces an 
increase in the degree of a-elements pollution, but not in the 
total metallicity. Furthermore, AGN quenching of star for- 
mation via radio mode energy feedback contributes in short- 
ening the star formation episode of more massive galaxies. 

The agreement between obs erved and predict e d met al- 
licities and abundance ratios by ICalura fc MencJ (|200!/) is 
good, although high-mass galaxies are less metal-enriched 
and [a/Fe]-enhanced than our data. These results are ob- 
tained by implementing a star formation-dependent IMF 
which is a standard Salpeter with slope x = 1.35 in ob- 
jects with SFRs < 100 M0/yr, and with a slope of a; = 1 in 



objects with SFRs > 100 M0/yr. This assumption is per- 
haps the mai n difference between t he two sets of models. 
In particular, ICalura fc Mencil (|2009l ) stress that a constant 
IMF, flatter than th e Salpeter, similar to that one used by 
I Arrigoni et~all (|2009l ). has an effect on the zero point but not 
in the slope of the [Q/Fe]-mass relation. A star formation- 
depend ent IMF is consistent with recent observational re- 
sults of lDabringhausen et al. I ('2009'). Finally, the implemen- 
tation of effects due to merger-induced starbursts and AGN 
energy feedback in massive galaxies is found to be essential 
ingredients in these models. 



7 SUMMARY AND CONCLUSIONS 

We have presented a study of stellar population properties 
at large galactocentric radii of early-type galaxies. We used 
high-quality Gemini GMOS long-slit spectroscopic data to 
probe radii out to ~ 1 — 3re in 14 low-mass galaxies in the 
Virgo and Fornax clusters. We extended the data sample to 
higher mass galaxies by introducing a novel literature compi- 
lation of stellar population properties out to Ire for a sample 
of 37 early-type galaxies. Stellar population radial profiles 
of age, total metallicity [Z/H], and [a/Fe] abundance ratio 
were derived by using almost all of the Lick/IDS indices. 
The comprehensive mass range uniformly covered by the fi- 
nal data sample (1.6 < log(cro) < 2.6; -16.5 > Mb > -23.5; 
10^ < Mdyn/M© < 10^^) allows us to have a clear and con- 
sistent picture of stellar population properties at large radii 
from dwarf to brightest cluster galaxies. 

Among the stellar population parameters, the total 
metallicity content of a galaxy shows the strongest varia- 
tion as a function of galactocentric radius. The metallicity 
gradients are found to correlate with the galaxy mass. The 
mass-metallicity gradient relation shows a very different be- 
haviour at low and high masses, with a sharp transition 
being seen at a dynamical mass of ~ 3.5 X 10^° Mq. 

Low-mass galaxies (i.e., 1.6 < log(ao) ^ 2.15) form a 
tight trend with mass such that their metallicity gradients 
become shallower with decreasing mass. The results imply 
a varying star formation efficiency with mass. The extended 
old stellar discs and the prevalence of discy-shaped isophotes 
indicate gas dissipation and redistribution of angular mo- 
mentum during an early star- forming collapse (Paper I). We 
conclude that our data are more consistent with low-mass 
galaxies formed in a mass-dependent early star-forming col- 
lapse. 

For galaxies with mass greater than the transition mass 
(i.e., 2.15 < log((To) < 2.6), the metallicity gradients become 
shallower as mass increases, thus deviating from the tight 
low-mass trend. We note that this transition mass value of- 
ten occurs in the literature to mark a transition between 
physical mechanisms acting in early-type galaxies formation. 
We suggest that the downturn is a consequence of the in- 
creased frequency of mergers in high-mass galaxies. More 
massive galaxies are expected to undergo a greater number 
of mergers to assemble their mass. Thus, their final gradi- 
ents progressively fiatten out. The different nature of merger 
properties (i.e, progenitors' mass ratio, the amount of gas 
content and the geometry of the collision) are responsible 
for producing the observed scatter. 

Mean stellar ages are in general slightly older than cen- 
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tral ages. Galaxy ages form a weak mass trend, such that 
more massive galaxies have older ages than low-mass sys- 
tems. We find that central and mean stellar metallicities 
define a clear mass-metallicty relation for our sample galax- 
ies. The [Z/H]o-log(cro) and ([Z/H])-log(cro) relationships 
differ not only in zero point but also in slope, such that the 
former trend is steeper. The mass-metallicity gradient rela- 
tion is responsible for this difference. Massive galax;ies have 
supersolar abundance ratios, while low-mass objects have 
values similar to those in stars in the solar neighbourhood. 
The [a/Fe] ratios suggest a rapid (i.e., ^ 1 Gyr) and efficient 
star formation for the high-mass galaxies. Low-mass galax- 
ies experience an extended (i.e., ^ 1 Gyr) and less efficient 
star-forming episode. The negligible [a/Fe] gradients at any 
given mass and out to large radii could imply similar star 
formation timescales for regions at different galactocentric 
radii. 

We find that the [Z/H[]-mass and [a/Fe]-mass relation- 
ships can be explain by a mass-dependenet star formation 
efficiency. This interpretation is a natural outcome of the 
early star-forming collapse. In models of the hierarchical 
merging scenario the problem of simultaneously reproduc- 
ing both the observed relationships might be solved if vary- 
ing IMF, energy feedback via AGN in massive galaxies, and 
the effec ts due to merger-induced starbursts are also imple- 
mented (|Arrigoni et al.ll2009l : [Calura et al.ll2009l '). 



8 ACKNOWLEDGMENTS 

Based on observations obtained at the Gemini Observatory, 
which is operated by the Association of Universities for Re- 
search in Astronomy, Inc., under a cooperative agreement 
with the NSF on behalf of the Gemini partnership: the 
National Science Foundation (United States), the Science 
and Technology Facilities Council (United Kingdom), the 
National Research Council (Canada), CONIC YT (Chile), 
the Australian Research Council (Australia), Ministerio da 
Ciencia e Tecnologia (Brazil) and Ministerio de Ciencia, Tec- 
nologia e Innovacion Productiva (Argentina). We made used 
of IRAF, that is distributed by the National Optical Astron- 
omy Observatories, which are operated by the Association 
of Universities for Research in Astronomy, Inc., under coop- 
erative agreement with the National Science Foundation. 

MS thanks the Centre for Astrophysics & Supercom- 
puting for providing travel support. We thank A. Brito, S. 
Brough, S. Burke-Spolaor, C. Foster, and T. Mendel for a 
careful reading of the manuscript. We thank Henry Lee and 
the other staff astronomers at the Gemini South Telescope 
for the support given to our observing programs (GS-2006B- 
Q-74; GS-2008A-Q-3). We also thank the anonymous referee 
for his/her constructive comments. 



REFERENCES 

Angeletti L. Giannone P., 2003, A&A, 403, 449 

Annibali F., Bressan A., Rampazzo R., Zeilinger W. W., 

Danese L., 2007, A&A, 463, 455 
Arimoto N. Yoshfi ¥., 1987, AAP, 173, 23 
Arimoto N., Matsushita K., Ishimaru Y., Ohashi T., Ren- 

zini A., 1997, ApJ, 477, 128 



Arrigoni M., Trager S. C, Somerville R. S., Gibson B. K., 

2009, 2010, MNRAS, 402, 173 
Bekki K., 1998, ApJL, 502, L133 
Bekki K. Shioya Y., 1999, ApJ, 513, 108 
Bernardi M., Nichol R. C, Sheth R. K., Miller C. J., 

Brinkmann, J., 2006, AJ, 131, 1288 
Bender R., Saglia R. P., Gerhard O. E., 1994, MNRAS, 

269, 785 

Binggefi B., Sage A., Tammann G. A., 1985, AJ, 90, 1681 

Blakeslee J. P., et al., 2009, ApJ, 694, 556 

Brough S., Proctor R., Forbes D. A., Couch W. J., Collins 

C. A., Burke D. J., Mann R. G., 2007, MNRAS, 378, 1507 
Brooks A. M., Governato F., Booth C. M., Willman B., 

Gardner J. P., Wadsley J., Stinson G. Quinn T., 2007, 

ApJL, 655, L17 
Burstein D., Faber S. M., Gaskell C. M., Krumm N., 1984, 

ApJ, 287, 586 

Caldwell N., Rose J. A., Concannon K. D., 2003, AJ, 125, 
2891 

Calura F., Pipino A., Chiappini C, Matteucci F., Maiolino 

R., 2009, A&A, 504, 373 
Calura F. Menci N., 2010, MNRAS, 400, 1347 
Cappellari M., et al., 2006, MNRAS, 366, 1126 
Cardiel N., Gorgas J., Aragon-Salamanca A., 1995, MN- 
RAS, 277, 502 
Carlberg R. G., 1984, ApJ, 286, 416 

Cattaneo A., Dekel A., Faber S. M., Guiderdoni B., 2008, 
MNRAS, 389, 567 

Chiosi C. Carraro G., 2002, MNRAS, 335, 335 

Clemens M. S., Bressan A., Nikolic B., Alexer P., Annibali 
F., Rampazzo R., 2006, MNRAS, 370, 702 

Cole S., Aragon-Salamanca A., Frenk C. S., Navarro J. F., 
Zepf S. E., 1994, MNRAS, 271, 781 

Cox T. J., Dutta S. N., Di Matteo T., Hernquist L., Hop- 
kins P. F., Robertson B., Springel V., 2006, ApJ, 650, 791 

Croton D. J., et al., 2006, MNRAS, 365, 11 

Dabringhausen J., Kroupa P. Baumgardt H., 2009, MN- 
RAS, 394, 1529 

Dekel A. Silk J., 1986, ApJ, 303, 39 

De Lucia G., Kaufltmarm G. White S. D. M., 2004, MNRAS, 
349, 1101 

Di Matteo T., Springel V., Hernquist L., 2005, Nature, 433, 
604 

Di Matteo P., Pipino A., Lehnert M. D., Combes F., 
Semelin B., 2009, A&A, 499, 427 

de Rossi M. E., Tissera P. B. Scannapieco C, 2007, MN- 
RAS, 374, 323 

Donovan J. L., Hibbard J. E., van Gorkom J. H., 2007, AJ, 
134, 1118 

Eggen O. J., Lynden-BeU D., Sage A. R., 1962, ApJ, 136, 
748 

Faber S. M., Friel E. D., Burstein D., Gaskell C. M., 1985, 

ApJS, 57, 711 
Faber S. M., et al., 2007, ApJ, 665, 265 
Ferguson H. C, 1989, AJ, 98, 367 
Finlator K. Dave R., 2008, MNRAS, 385, 2181 
Fontanot F., De Lucia G., Monaco P., Somerville R. S. 

Santini P., 2009, MNRAS, 397, 1776 
Gibson B. K., 1997, MNRAS, 290, 471 
Graves G. J., Faber S. M., Schiavon R. P., Yan R., 2007, 

ApJ, 671, 243 

Graves G. J., Faber S. M., Schiavon R. P., 2009, ApJ, 698, 



Early-type galaxies at large galactocentric radii - II 17 



1590 

Hopkins P. F., Hernquist L., Cox T. J., Di Matteo T., 
Robertson B., Springel V., 2006, ApJS, 163, 1 

Hopkins P. F., Cox T. J., Keres D., Hernquist L., 2008, 
ApJS, 175, 390 

Hopkins P. F., Hernquist L., Cox T. J., Dutta S. N., Roth- 
berg B., 2008, ApJ, 679, 156 

Hopkins P. F., Cox T. J., Dutta S. N., Hernquist L., Kor- 
mendy J., Lauer T. R., 2009, ApJS, 181, 135 

Ishimaru Y. Arimoto N., 1997, PAS J, 49, 1 

Jensen J. B., Tonry J. L., Harris B. J., Thompson R. I., 
Liu M. C, Rieke M. J., Ajhar E. A., Blakeslee J. P., 2003, 
ApJ, 583, 712 

J0rgensen I., 1999, MNRAS, 306, 607 

Kauffmann G., Chariot S., 1998, MNRAS, 294, 705 

Kauffrnann G., ct al., 2003, MNRAS, 341, 54 

Kawata D. Gibson B. K., 2003, MNRAS, 340, 908 

Kobayashi C, Tsujimoto T., Nomoto K., Hachisu I., Kato 
M., 1998, ApJL, 503, L155 

Kobayashi C. Arimoto N., 1999, ApJ, 527, 573 

Kobayashi C, 2004, MNRAS, 347, 740 

Kobayashi C, 2005, MNRAS, 361, 1216 

Kobayashi C, Springel V. White S. D. M., 2007, MNRAS, 
376, 1465 

Koppen J., Wcidncr C. Kroupa P., 2007, MNRAS, 375, 673 
Kuntschner H., 2001, ApSS, 276, 885 
Larson R. B., 1974a, MNRAS, 166, 585 
Larson R. B., 1975, MNRAS, 173, 671 
Mattcucci F., 1994, AAP, 288, 57 

MartinelU A., Matteucci F., Colafrancesco S., 1998, MN- 
RAS, 298, 42 

Mehlert D., Thomas D., SagUa R. P., Bender R., Wegner 

G., 2003, AAP, 407, 423 
Mei S., et al., 2005, ApJ, 625, 121 
Mihos J. C. Hernquist L., 1994, ApJ, 427, 112 
Naab T., Jesseit R., Burkert A., 2006, MNRAS, 372, 839 
Nagashirna M., Lacoy C. G., Baugh C. M., Frenk C. S. Cole 

S., 2005, MNRAS, 358, 1247 
Nagashima M., Lacey C. G., Okamoto T., Baugh C. M., 

Frenk C. S. Cole S., 2005, MNRAS, 363, L31 
Nelan J. E., Smith R. J., Hudson M. J., Wegner G. A., 

Luccy J. R., Moore S. A. W., Quinney S. J., Suntzeff 

N. B., 2005, ApJ, 632, 137 
Ogo R. L. C, Maia M. A. G., Chiappini C, Pellegrini P. S., 

Schiavon R. P., da Costa, L. N., 2005, ApJL, 632, L61 
Pipino A. Mattcucci P., 2004, MNRAS, 347, 968 
Pipino A., D'ErcoIe A., Matteucci F., 2008, A&A, 484, 679 
Pipino A., Dcvricndt J. E. G., Thomas D., Silk J. Kaviraj 

S., 2009, A&A, 505, 1075 
Pipino A. Mattcucci F., 2008, A&A, 486, 763 
Poggianti B. M., et al., 2001, ApJ, 562, 689 
Proctor R. N. Sansom A. E., 2002, MNRAS, 333, 517 
Proctor R. N., 2003, PhD Thesis, University of Central 

Lancashire 

Proctor R. N., Forbes D. A., Hau G. K. T., Beasley M. A., 
De Silva G. M., Contreras R., Terlevich A. L, 2004, MN- 
RAS, 349, 1381 

Rawlc T. D., Smith R. J., Lucey J. R., Swinbank A. M., 
2008, MNRAS, 389, 1891 

Reda F. M., Proctor R. N., Forbes D. A., Hau G. K. T., 
Larsen S. S., 2007, MNRAS, 377, 1772 



Rix H.-W., CaroUo C. M., Freeman K., 1999, ApJL, 513, 
L25 

Sanchez-Blazquez P., ct al., 2006a, MNRAS, 371, 703 
Sanchez-Blazqucz P., Gorgas J., Cardiel N., Gonzalez J. J., 

2006b, A&A, 457, 809 
Sanchez-Blazquez P., Forbes D. A., Strader J., Brodie J., 

Proctor, R., 2007, MNRAS, 377, 759 
Sarzi M., et al., 2006, MNRAS, 366, 1151 
Smith R. J., Hudson M. J., Lucey J. R., Nelan J. E., Weg- 
ner G. A., 2006, MNRAS, 369, 1419 
Smith R. J., et al., 2008, MNRAS, 386, L96 
Somerville R. S., Hopkins P. F., Cox T. J., Robertson B. E. 

Hernquist L., 2008, MNRAS, 391, 481 
Spolaor M., Forbes D. A., Hau G. K. T., Proctor R. N., 

Brough S., 2008, MNRAS, 385, 667 
Spolaor M., Forbes D. A., Proctor R. N., Hau G. K. T., 

Brough S., 2008b, MNRAS, 385, 675 
Spolaor M., Proctor R. N., Forbes D. A., Couch W. J., 

2009a, ApJL, 691, L138 
Spolaor M., Hau G. K. T., Couch W. J., Forbes D. A., 

2009b, MNRAS, submitted (Paper I) 
Springel V., Di Matteo T., Hernquist L., 2005, ApJL, 620, 

L79 

Tassis K., Kravtsov A. V. Gnedin N. Y., 2008, ApJ, 672, 
888 

Thomas D., 1999, MNRAS, 306, 655 

Thomas D., Grcggio L., Bender R., 1999, MNRAS, 302, 
537 

Thomas D., Kauffmann G., 1999, Spectrophotometric Dat- 
ing of Stars Galaxies, 192, 261 

Thomas D., Maraston C, Bender R., 2003, MNRAS, 339, 
897 

Thomas D., Maraston C, Korn A., 2004, MNRAS, 351, 
L19 

Thomas D., Maraston C, Bender R., Mendes de Oliveira 
C, 2005, ApJ, 621, 673 

Tonry J. L., Dressier A., Blakeslee J. P., Ajhar E. A., 
Fletcher A. B., Luppino G. A., Metzger M. R., Moore 
C. B., 2001, ApJ, 546, 681 

Tragcr S. C, Worthcy G., Faber S. M., Burstein D., Gon- 
zalez J. J., 1998, ApJS, 116, 1 

Trager S. C, Faber S. M., Worthey G., Gonzalez J. J., 
2000, AJ, 120, 165 

Trager S. C, Faber S. M., Dressier A., 2008, MNRAS, 386, 
715 

Trager S. C. Somerville R. S., 2009, MNRAS, 395, 608 

van Albada T. S., 1982, MNRAS, 201, 939 

White S. D. M., 1980, MNRAS, 191, IP 

Worthcy G.,1994, ApJS, 95, 107 

Worthey G., Ottaviani D. L., 1997, ApJS, 111, 377 



APPENDIX A: COMPLEMENTARY DATA 

SAMPLES 

APPENDIX B: INDIVIDUAL GALAXIES 

Bl FCC 148 (NGC 1375) 

The stellar population parameters radial profiles extend 
out to two effective radii. We measured an age gradient 
of 0.22 ± 0.05 dex per decade and a central age of 
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Table Al. Galaxy properties of the comparison data sample. Col(l); name of the galaxy; (2): morphological type from the HyperLEDA 
database; (3): B-band effective radius along the galaxy semi-major axis; (4): position angle of the major axis; (5, 6): central stellar 
velocity dispersion and radial velocity; (7): distance of the galaxy; (8): total S-band absolute magnitudes estimated from total apparent 
magnitudes given in the NASA/IPAC Extragalactic Database and corrected for Galactic extinction; (9): dynamical mass of the galaxy 
using the log(Mdyn) = 21og(fTo) -|- log(re) + 5.0, whe re Ve i s the effective radius expressed i n parsecs iCappellari et al.ll20od)" (10): 
refere nce work; Ref(l): ISpolaorera l. (2008a); Ref (2): [slnch cz-Blazau cz et al.. 12007.') : Ref (3): iBrough et al.l i2007^ : Ref(4) lReda et al.l 
||2007|) : Reff5'): |Proctod | |2003|) : colCll'): Note on individual galaxies 



Ageo = 1.7 Gyr. The galaxy is observed to be metal rich 
in the central region and to have a shallow negative ra- 
dial gradient, with a mean metallicity of ([Z/H]) = —0.11. 
The [a/Fe] radial profile is flat and we found a mean 
a— abundance ratio of —0.14. 



[Z/ H]o = 0.29. We measured a positive metallicity gradi- 
ent of 0.07 ± 0.04 dex per decade. 



B2 FCC 153 (IC 1963) 

The radial profiles of the stellar population parameters reach 
almost four effective radii. The age and a— abundance ra- 
tio profiles are fiat and they have mean values of (Age) = 
3.8 Gyr and ([a/Fe]) = 0.04. Interestingly, we found 
that the total metallicity content increases with increas- 
ing galactocentric radius, from a starting central value of 



B3 FCC 170 (NGC 1381) 

We studied the stellar population parameters out to al- 
most four effective radii. The age profile is uniformly old, 
with (Age) = 11.8 Gyr. The [Z/H] profile has a steep 
negative gradient out to the largest radius, grad [Z/H] 
= —0.34 ± 0.02 dex per decade. The enrichment by 
Q— elements is solar, ([a/Fe]) = 0.02, and does not present 
a statistically significant radial gradient. 
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B4 FCC 277 (NGC 1428) 

The radial extent of our stellar population analysis reaches 
two effective radii. The age profile is uniformly old at all 
radii. The galaxy is observed to be metal poor, ([Z/H]) = 
—0.30 with a shallow negative metallicity gradient of 
—0.16 ± 0.02 dcx per decade. The amount of enrichment by 
Q— elements increases with increasing radius, due to a shal- 
low positive radial gradients of 0.10 ± 0.04 dex per decade. 

B5 FCC 301(ESO 358-G059) 

The stellar population analysis extends out to one effective 
radius. The galaxy is observed to have a constant age profile 
with a mean age of (Age) — 5.0 Gyr. The [Z/H] radial profile 
is observed to be fiat with a mean value of ([Z/H]) = —0.05. 
The [a/Fe] radial profile is constant with a mean value of 
0.04. 

B6 FCC 335 (ESO 359-G002) 

The stellar population parameters have been observed out 
to one effective radius. The galaxy has a significant age gra- 
dient of 0.47 ± 0.07 dex per decade, with a central age of 
Ageo = 1.5 Gyr. We measured a positive metallicity gradi- 
ent of 0.02 ± 0.04 dex per dex. We found that the galaxy is 
metal poor with central and mean values of [Z/H]() = —0.50 
and ([Z/H]) = —0.42. The galaxy has a solar abundance of 
a— elements, [Q;/Fe]o = — 0.04, and a positive radial gradi- 
ent. 

B7 VCC 575 (NGC 4318) 

The stellar population parameters radial profiles extend to 
almost two effective radii. The lack of age gradient implies 
that the galaxy is constantly old at all radii. We measured 
a mean age of 11.8 Gyr. The galaxy is observed to be metal 
poor, ([Z/H]) = —0.30, with a steep negative metallicity gra- 
dient. The central a— abundance ratio is solar, but increase 
to ([a/Fe]) = 0.15 in the outer galactic regions. 

B8 VCC 828 (NGC 4387) 

We measured stellar population radial profiles out to almost 

two effective radii. The age profile is uniformly old, with 
a mean age of (Age) = 13.3 Gyr. We found a metallicity 
gradient of —0.21 ± 0.02 dex per decade, from a central 
metallicity of [Z/H]o = 0.09. The [a/Fe] abundance con- 
tent increases with increasing galactocentric radius, with a 
central value of [a/Fe]o = 0.11. 

B9 VCC 1025 (NGC 4434) 

We spatially resolved galactic regions out to almost two ef- 
fective radii. We detected a positive age gradient along the 
galaxy's radius of 0.13 ± 0.02 dex per decade. The cen- 
tral age value is Ageo = 9-5 Gyr. The metallicity gradient 
of —0.33 ± 0.02 dex per decade is the steepest observed 
in our sample galaxies. The mean a— abundance content is 
supersolar, ([a/Fe]) = 0.22 and we detected a statistically 
significant positive radial gradient. 



BIO VCC 1146 (NGC 4458) 

The radial extent of our stellar population analysis reach 
one effective radius. The age radial profile is observed to 
be uniform with a mean age of 12.0 Gyr. The [Z/H] and 
[a/Fe] radial profiles are observed to decrease with in- 
creasing galactocentric radius, indicative of negative ra- 
dial gradients: grad [Z/H] — —0.22 ± 0.02 dex per dex 
and grad [a/Fe] = -0.07 ± 0.02 dex per decade. The 
galaxy is observed to be metal poor and significantly pol- 
luted by a— elements. We measured [Z/H]o = — 0.17 and 
[a/Fejo = 0.25. 



Bll VCC 1178 (NGC 4464) 

The radial profiles of the stellar population parameters are 
studied out to three effective radii. The galaxy is constantly 
old along the galactocentric radius, with a mean age of 
(Age) = 12.8 Gyr. We measured statistically significant 
[Z/H] and [a/Fe] negative radial gradients; grad [Z/H] = 
—0.22 ± 0.025 dex per decade and grad [a/Fe] = 
—0.07 ± 0.02 dex per decade. The galaxy is found to be 
metal poor, ([Z/H]) = —0.22 and chemically enriched by a 
supersolar amount of a— elements, ([a/Fe]) = 0.12. 



B12 VCC 1297 (NGC 4486B) 

We have been able to spatially resolved galactic regions 
out to four effective radii. The age radial profile is uni- 
form at all radii and we measured (Age) = 13.0 Gyr. 
Total metallicity and a— abundance ratio content de- 
crease with increasing galactocentric radius: grad [Z/H] = 
—0.23 ± 0.02 dex per decade and grad [a/Fe] = 
—0.06 ± 0.02 dex per decade. Central and mean metallicity 
are significantly different at [Z/H]o = 0.31 and ([Z/H]) = 
-0.01. 



B13 VCC 1475 (NGC 4515) 

The stellar population analysis extends to two effective radii. 
The age radial profile has a statistically significant positive 
gradient of 0.04 ± 0.02 dex per decade. The mean age 
of the galaxy is of (Age) — 12.0 Gyr. The galaxy has a 
negative radial gradient and is metal poor, [Z/H]o = —0.14. 
The [a/Fe] radial profile is constant along the galactocentric 
radius with a mean value of ((a/Fej) = 0.12. 



B14 VCC 1630 (NGC 4551) 

The stellar population parameters radial profiles arc stud- 
ied out to two effective radii. The age profile is observed 
to slightly increase with increasing radius, from a central 
age value of Ageo = 10.5 Gyr. The galaxy is observed 
to be metal rich in the central regions, [Z/H]o = 0.22. 
The metallicity radial profile has a negative gradient of 
—0.25 ± 0.02 dex per decade. The [a/Fe] radial profile is 
uniform along the galactocentric radius with a mean value 
of ([a/Fe]) = 0.16. 
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2 


.37 


± 


0, 


.01 


_n 1 « _|_ n 1 1 

U.XU _1_ U.-LX 


-0.01 


lb 


0.07 


0.06 


it 0.07 


NGC 


4552 


2 


.39 


± 


0, 


.01 


07 + n 25 

U.UI _1_ U.iiU 


-0.05 


lb 


0.14 


-0.14 


± 0.13 


NGC 


4636 


2 


.33 


± 


0, 


.02 


_n CO + n 27 

U.UO _1_ \J.£jI 


-0.15 


lb 


0.15 


-0.13 


it 0.10 


NGC 


4697 


2 


.47 




0, 


.01 


01 + 04 

U.U-L _1_ U.Urt 


-0.10 


lb 


0.02 


0.05 


it 0.08 


NGC 


5044 


9 


.30 


± 


0, 


.01 


OA -4- O'i 


-0.26 


lb 


0.12 


-0.01 


it 0.09 


NGC 


5322 


2 


.45 


± 


0, 


.01 


0.08 ± 0.01 


-0.20 


lb 


0.04 


0.00 


it 0.05 


Abell 754 


2 


.30 


± 


0, 


.01 


-0.14 ± 0.02 


-0.27 


lb 


0.06 


-0.12 


it 0.06 


Abell 970 


2 


.31 




0, 


.01 


-0.16 ± 0.11 


-0.15 


± 


0.07 


-0.07 


it 0.02 


Abell 978 


2, 


.46 


± 


0, 


.01 


-0.11 ± 0.08 


-0.17 


lb 


0.05 


-0.08 


it 0.02 


ESQ 153-G003 


2 


.40 


± 


0, 


.01 


-0.06 ± 0.07 


-0.13 


lb 


0.04 


-0.00 


it 0.02 


ESQ 218-G002 


2 


.49 


± 


0, 


.01 


-0.08 ± 0.02 


-0.14 


lb 


0.02 


0.00 


it 0.04 


ESQ 318-G021 


2 


.43 


± 


0, 


.01 


0.10 ± 0.03 


-0.21 


lb 


0.06 


0.07 


it 0.03 


MCG-01-27-013 


2 


.38 


± 


0, 


.01 


0.10 ± 0.06 


-0.22 


lb 


0.05 


-0.01 


it 0.01 


MCG-02-13-009 


2, 


.28 


± 


0, 


.01 


0.07 ± 0.06 


-0.29 


lb 


0.04 


-0.03 


it 0.05 


MCG-03-26-030 


2 


.36 


± 


0, 


.01 


0.12 ± 0.01 


-0.25 


lb 


0.03 


0.04 


it 0.06 



Table CI. Stellar population gradients for our sample galaxies. 



APPENDIX C: STELLAR POPULATION 
PARAMETERS 



Early-type galaxies at large galactocentric radii - II 21 



log(CTo) log(Ageo) [Z/H]o 
(2) (3) (4) 



Galaxy 
(1) 

FCC 148 
FCC 153 
FCC 170 
FCC 277 
FCC 301 
FCC 335 
VCC 575 
VCC 828 
VCC 1025 
VCC 1146 
VCC 1178 
VCC 1297 
VCC 1475 
VCC 1630 
NGC 682 
NGC 1045 
NGC 1162 
NGC 1400 
NGC 1407 
NGC 1600 
NGC 1700 
NGC 2271 
NGC 2831 
NGC 2832 
NGC 2865 
NGC 3226 
NGC 3377 
NGC 3379 
NGC 3384 
NGC 3557 
NGC 3608 
NGC 3640 
NGC 4240 
NGC 4291 
NGC 4365 
NGC 4374 
NGC 4472 
NGC 4552 
NGC 4636 
NGC 4697 
NGC 5044 
NGC 5322 
AbcU 754 
AbcU 970 
Abell 978 
ESC 153-G003 
ESC 218-G002 
ESC 318-G021 
MCG-01-27-013 
MCG-02-13-009 
MCG-03-26-030 



1, 


.84 


± 


0, 


,02 


1, 


,68 


± 


0, 


,02 


2, 


,18 


± 


0, 


,01 


1 


,97 


± 


0, 


,01 


1, 


,77 


± 


0, 


,02 


1, 


,65 


± 


0, 


,03 


1, 


,94 


± 


0, 


,01 


2, 


,02 


± 


0, 


,01 


2. 


,13 


± 


0, 


,01 


2, 


,01 


± 


0, 


,01 


2, 


,03 


± 


0, 


,01 


2, 


,43 


± 


0, 


,01 


1, 


,96 


± 


0, 


,01 


2, 


,04 


± 


0, 


,01 


2, 


,43 


± 


0, 


,01 


2, 


,45 


± 


0, 


,01 


2, 


,53 


± 


0, 


,01 


2, 


,37 


± 


0, 


,01 


2, 


,14 


± 


0, 


,01 


2, 


,32 


± 


0, 


,01 


2, 


,17 


± 


0, 


,01 


2, 


,46 


± 


0, 


,01 


2, 


,45 


± 


0, 


,02 


2, 


,26 


± 


0, 


,02 


2, 


,34 


± 


0, 


,01 


2. 


,46 


± 


0, 


,01 


2, 


,43 


± 


0, 


,02 


2, 


,48 


± 


0, 


,02 


2. 


,30 


± 


0, 


,01 


2, 


,42 


± 


0, 


,01 


2, 


,29 


± 


0, 


,01 


2, 


,37 


± 


0, 


,01 


2, 


,25 


± 


0, 


,02 


2, 


,09 


± 


0, 


,01 


2, 


,34 


± 


0, 


,01 


2, 


,43 


± 


0, 


,01 


2, 


,37 


± 


0, 


,01 


2. 


,39 


± 


0, 


,01 


2, 


,33 


± 


0, 


,02 


2, 


,47 


± 


0, 


,01 


2, 


,30 


± 


0, 


,01 


2, 


,45 


± 


0, 


,01 


2, 


,30 


± 


0, 


,01 


2, 


,31 


± 


0, 


,01 


2, 


,46 


± 


0, 


,01 


2, 


,40 


± 


0, 


,01 


2. 


,49 


± 


0, 


,01 


2, 


,43 


± 


0, 


,01 


2, 


,38 


± 


0, 


,01 


2, 


,28 


± 


0, 


,01 


2, 


,36 


± 


0, 


,01 






.23 


± 


0, 


.05 


0, 


,54 


± 


0, 


.03 


1, 


.02 


± 


0. 


.03 


1, 


.00 


± 


0. 


.03 


0, 


.68 


± 


0, 


.04 


0, 


.16 


± 


0, 


.18 


1, 


.03 


± 


0. 


.05 


1, 


.06 


± 


0. 


.05 


0, 


.98 


± 


0. 


.06 


1, 


.13 




0, 


.04 


1, 


.13 


± 


0. 


.02 


1, 


.10 


± 


0, 


.04 


1, 


.06 


± 


0, 


.04 


1, 


.02 


± 


0, 


.04 


1 


.08 


± 


0, 


.04 


1, 


.14 


± 


0. 


.03 


1, 


.13 


± 


0. 


.01 





.46 


± 


0. 


.01 





.74 




0, 


.01 


1, 


.15 


± 


0, 


.01 


0, 


.48 


± 


0, 


.01 


1, 


.05 


± 


0, 


.01 


1, 


.05 


± 


0, 


.03 


0, 


.83 


± 


0, 


.03 


1, 


.18 


± 


0. 


.02 


1, 


.18 


± 


0. 


.02 


1, 


.18 


± 


0. 


.02 


1, 


.12 


± 


0. 


.03 


0, 


.90 


± 


0. 


.03 


1, 


.02 




0, 


.02 


0, 


.83 


± 


0, 


.02 


1, 


.06 


± 


0, 


.02 


0, 


.23 


± 


0, 


.02 





.87 


± 


0. 


.02 


1, 


.05 


± 


0. 


.02 


1, 


.17 


± 


0. 


.02 


0, 


.95 


± 


0. 


.03 


0, 


.90 


± 


0. 


.02 





.98 


± 


0, 


.02 


1, 


.16 




0. 


.03 


0, 


.61 


± 


0, 


.06 


0, 


.87 


± 


0, 


.06 


1, 


.02 


± 


0. 


.05 


0, 


.95 


± 


0. 


.04 


1, 


.01 


it 


0. 


.05 


0, 


.98 


± 


0. 


.04 


1, 


.13 


± 


0. 


.05 





.98 


± 


0, 


.04 


0, 


.91 


± 


0, 


.06 


0, 


.71 


± 


0, 


.07 





.62 


± 


0. 


.05 



0.00 ± 0.06 

0.29 ± 0.03 
0.15 ± 0.03 
-0.01 ± 0.04 
-0.05 ± 0.03 
-0.49 ± 0.08 
-0.08 ± 0.05 
0.09 ± 0.05 
0.15 ± 0.06 
-0.17 ± 0.07 
-0.02 ± 0.02 
0.30 ± 0.05 
-0.13 ± 0.03 






.21 


± 





,04 





.29 


± 





,08 


0, 


.25 


± 


0, 


.06 


0. 


.32 


± 


0. 


.01 





.62 


± 





.01 





.34 


it 





.01 





.24 


± 





.01 


0, 


.59 


± 


0, 


.01 


0, 


.35 


± 


0, 


.01 


0, 


.25 


± 


0, 


.01 





.15 


± 





.02 


0, 


.10 


it 


0, 


.02 


0. 


.20 


it 


0. 


.01 


0. 


.25 


it 





.02 


0. 


.05 


it 





.04 


0. 


.33 


it 


0. 


.02 





.31 


it 





.02 


0, 


.29 


± 


0, 


.02 


0, 


.44 


± 


0, 


.02 


0, 


.48 


± 


0, 


.05 


0, 


.23 


it 


0, 


.02 


0. 


.19 


it 


0. 


.01 


0. 


.35 


it 





.01 


0. 


.34 


it 


0. 


.03 


0. 


.34 


it 


0. 


.04 





.36 


it 





.02 


0, 


.27 


± 


0, 


.01 


0, 


.31 


± 


0, 


.08 


0, 


.45 




0, 


.07 


0, 


.32 


± 


0, 


.06 


0, 


.38 


± 


0, 


.03 


0, 


.28 


it 





.06 


0. 


.41 


it 


0. 


.03 


0. 


.28 


it 


0. 


.06 





.45 


it 





.06 


0, 


.43 


± 


0, 


.06 


0, 


.48 


it 


0, 


.04 





.39 


it 





.04 



[a/Fe]o 
(5) 



-0.15 


it 


0.05 


0.03 


it 


0.02 


0.00 


± 


0.02 


0.01 


ih 


0.02 


-0.02 


± 


0.04 


-0.04 


± 


0.12 


0.02 


it 


0.03 


0.11 


it 


0.03 


0.15 


it 


0.03 


0.25 


it 


0.03 


0.24 


± 


0.02 


0.35 


± 


0.04 


0.18 


± 


0.04 


0.14 


± 


0.02 


0.41 


± 


0.05 


0.33 


it 


0.04 


0.36 


it 


0.01 


0.18 


it 


0.01 


0.27 


it 


0.01 


0.28 


± 


0.01 


0.18 


± 


0.01 


0.28 


± 


0.01 


0.21 


± 


0.02 


0.21 


± 


0.02 


0.36 


it 


0.03 


0.24 


it 


0.03 


0.27 


it 


0.03 


0.06 


it 


0.04 


0.30 


it 


0.01 


0.36 


it 


0.02 


0.31 


± 


0.01 


0.14 


± 


0.01 


0.07 


± 


0.01 


-0.07 


it 


0.01 


0.28 


it 


0.01 


0.26 


it 


0.01 


0.08 


it 


0.01 


-0.03 


it 


0.01 


0.05 


it 


0.02 


0.15 


it 


0.03 


0.25 


± 


0.03 


0.30 


± 


0.02 


0.42 


± 


0.02 


0.27 


± 


0.01 


0.30 


it 


0.02 


0.25 


it 


0.01 


0.30 


it 


0.02 


0.32 


it 


0.02 


0.27 


± 


0.02 


0.20 


it 


0.02 


0.15 


it 


0.02 



Table C2. Central values of stellar population parameters for our sample galaxies. 



22 Max Spolaor et al. 



Galaxy 




log(CTo) 


(log(Age)) 


([Z/H]) 


([a/Fe]) 


(1) 






(2) 








(3) 






(4) 




(5) 






\ 


.94 


± 


0, 


,01 


1, 


.07 


± 


0, 


.09 


_n Qn -L n no 


0.15 


± 


0.09 


VOC 828 


2, 


,02 




0, 


,01 


1 


.12 


± 


0, 


.09 


-0 26 + 09 


0.24 


± 


0.09 




2, 


,13 


± 


0, 


,01 


1, 


.11 


± 


0, 


.09 


_n Q1 -L n no 


0.22 


± 


0.09 


vnc 1 1 4fi 


2, 


,01 


± 


0, 


,01 


1, 


.08 


± 


0, 


.09 


_n ^1 + n 09 


0.10 


± 


0.09 


VnC 1 1 78 


2, 


,03 


± 


0, 


,01 


1, 


.11 


± 


0, 


.09 


_n 22 + 09 


0.12 


± 


0.09 


VCC 1297 


2, 


,43 


± 


0, 


,01 


1, 


.15 


± 


0, 


.09 




0.25 


± 


0.09 


VCC 1475 


\ 


,96 


± 


0, 


,01 


1, 


.07 


± 


0, 


.09 


_A _i_ n no 


0.12 


± 


0.09 


VCC 1630 


2 


,04 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 


_n 1 n _|_ n no 


0.16 


± 


0.09 


FCC 148 


\ 


,84 


± 


0, 


,02 


0, 


.71 


± 


0, 


.09 


_n 27 + n 09 


-0.13 


± 


0.09 


FCC 153 


\ 


,68 


± 


0, 


,02 





.57 




0, 


.09 




0.04 




0.09 


FCC 170 


2, 


,18 


it 


0, 


,01 


1 


.07 


± 


0, 


.09 


-0 12 + 09 


0.01 


± 


0.09 


FCC 277 


X 


,97 


± 


0, 


,01 


1, 


.05 


± 


0, 


.09 


-0 'HO + 09 


0.18 


± 


0.09 


FCC 301 


\ 


,77 


± 


0, 


,02 


0, 


.70 


± 


0, 


.09 


-0 05 + 09 


0.04 


± 


0.09 


FCC 335 


\ 


,65 


± 


0, 


,03 


0, 


.73 


± 


0, 


.09 


_n 42 + n 09 


0.15 


± 


0.09 


NGC 682 


2, 


,43 


± 


0, 


,01 


1 


.07 




0, 


.09 


_n 20 + 09 


0.42 


± 


0.09 


NGC 


1045 


2, 


,45 


± 


0, 


,01 


1, 


.12 


± 


0. 


.09 


_n Kn -1- n no 


0.40 


± 


0.09 


NGC 


1162 


2 


,53 


± 


0, 


,01 


1, 


.12 


± 


0. 


.09 


oil + OQ 


0.30 


± 


0.09 


NGC 


1400 


2 


,37 


± 


0, 


,01 





.65 


± 


0. 


.09 


06 + OQ 


0.17 


± 


0.09 


NGC 


1407 


2, 


,14 


± 


0, 


,01 


1, 


.02 




0, 


.09 




0.15 


± 


0.09 


NGC 


1600 


2, 


,32 


± 


0, 


,01 


1 


.17 


± 


0, 


.09 


_n 1 o _i_ n no 


0.33 


± 


0.09 


NGC 


1700 


2, 


,17 




0, 


,01 


0, 


.57 


± 


0, 


.09 


u.uo _i_ u.uy 


0.20 


± 


0.09 


NGC 


2271 


2, 


,46 


± 


0, 


,01 


1, 


.04 


± 


0, 


.09 


02 + n OQ 


0.35 


± 


0.09 


NGC 


2831 


2, 


,45 


± 


0, 


,02 


1, 


.17 




0, 


.09 


_n 4n + 09 


0.40 


± 


0.09 


NGC 


2832 


2, 


,26 


± 


0, 


,02 


1, 


.10 


± 


0, 


.09 


u.ou ^ u.uy 


0.25 


± 


0.09 


NGC 


2865 


2, 


,34 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 




0.40 


± 


0.09 


NGC 


3226 


2, 


,46 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 




0.25 


± 


0.09 


NGC 


3377 


2, 


,43 


± 


0, 


,02 


1, 


.10 


± 


0, 


.09 


_n on -1- n HQ 
-u.^u Zl u.uy 


0.28 


± 


0.09 


NGC 


3379 


2 


,48 


± 


0, 


,02 


1, 


.12 


± 


0, 


.09 


_n 1 c _|_ n nn 

U.XiJ 1 U.Ui7 


0.20 


± 


0.09 


NGC 


3384 


2, 


,30 


± 


0, 


,01 


0, 


.85 


± 


0, 


.09 


00 + OQ 


0.28 


± 


0.09 


NGC 


3557 


2, 


,42 


± 


0, 


,01 





.90 




0, 


.09 


_ri (12 + n 09 


0.30 




0.09 


NGC 


3608 


2, 


,29 




0, 


,01 


1, 


.17 


± 


0, 


.09 


_n 25 + 09 


0.28 


± 


0.09 


NGC 


3640 


2, 


,37 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 


n 40 + n 09 


0.22 


± 


0.09 


NGC 


4240 


2, 


,25 


± 


0, 


,02 


1, 


.00 


± 


0, 


.09 


-0 12 + 09 


0.02 


± 


0.09 


NGC 


4291 


2, 


,09 


± 


0, 


,01 


1, 


.10 


± 


0. 


.09 


_n on -1- n OQ 
-u..^u Zl u.uy 


-0.07 


it 


0.09 


NGC 


4365 


2 


,34 


± 


0, 


,01 


1, 


.05 


± 


0. 


.09 


U.Uil 1 U.Ui7 


0.30 


it 


0.09 


NGC 


4374 


2, 


,43 


± 


0, 


,01 


1, 


.17 


± 


0. 


.09 


_n nc _|_ n nn 
U-UO Zl u.uy 


0.20 


it 


0.09 


NGC 


4472 


2 


,37 


± 


0, 


,01 


1, 


.00 


± 


0. 


.09 


2^ + OQ 

U.inJ ' U.Ui7 


0.15 


it 


0.09 


NGC 


4552 


2, 


,39 




0, 


,01 


1, 


.00 


± 


0. 


.09 


20 + OQ 

U.iiU ' U.U£7 


-0.10 


it 


0.09 


NGC 


4636 


2 


,33 


± 


0, 


,02 





.30 


± 


0, 


.09 


n 28 + n OQ 

U.i;0 _L U.Ut7 


-0.05 


it 


0.09 


NGC 


4697 


2, 


,47 


± 


0, 


,01 


1, 


.17 


± 


0, 


.09 


n 25 + 09 


0.20 


it 


0.09 


NGC 


5044 


9 


,30 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 


10-1-0 HQ 
-U.±U III U.uy 


0.30 


± 


0.09 


NGC 


5322 


2, 


,45 


± 


0, 


,01 


1, 


.10 


± 


0, 


.09 


0.10 ± 0.09 


0.25 


± 


0.09 


AbcU 754 


2, 


,30 


± 


0, 


,01 


0, 


.80 


± 


0, 


.09 


-0.15 ± 0.09 


0.30 


it 


0.09 


AbcU 970 


2, 


,31 


± 


0, 


,01 


0, 


.85 


± 


0, 


.09 


0.09 ± 0.09 


0.15 


± 


0.09 


Abell 978 


2, 


,46 


± 


0, 


,01 





.90 


± 


0. 


.09 


-0.02 ± 0.09 


0.17 


it 


0.09 


ESC 153-G003 


2, 


,40 


± 


0, 


,01 


0, 


.95 


± 


0. 


.09 


0.12 ± 0.09 


0.25 


it 


0.09 


ESC 218-G002 


2. 


,49 


± 


0, 


,01 


1, 


.05 


± 


0. 


.09 


-0.07 ± 0.09 


0.22 


it 


0.09 


ESC 318-G021 


2, 


,43 


± 


0, 


,01 


1, 


.17 


± 


0, 


.09 


-0.12 ± 0.09 


0.35 


it 


0.09 


MCG-01-27-013 


2, 


,38 


± 


0, 


,01 


1, 


.12 


± 


0, 


.09 


-0.30 ± 0.09 


0.30 


± 


0.09 


MCG-02-13-009 


2, 


,28 


± 


0, 


,01 


0, 


.97 


± 


0, 


.09 


-0.32 ± 0.09 


0.27 


it 


0.09 


MCG-03-26-030 


2, 


,36 


± 


0, 


,01 





.90 


± 


0. 


.09 


-0.12 ± 0.09 


0.17 


it 


0.09 



Table C3. Mean values of stellar population parameters for our sample galaxies. 



